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BACKGROUND

In the last few decades, space-based laser communica-
tions (lasercom) has emerged as a transformative technology
for scientific, defense, and commercial spacecrait applica-
tions. Compared with traditional radio frequency (RF) com-
munications, lasercom offers higher bandwidth, reduced size
and mass of transceivers, and lower power consumption.
Lasercom also avoids the significant regulatory hurdles of
radio frequency allocation and provides better link security
with narrow beams. As spacecralt generate increasing
amounts of data, space-to-ground lasercom can provide high
rate downlink capability to overcome a communications
bottleneck.

Small satellites 1n particular have great potential to benefit
from lasercom as they are significantly constrained 1n size,
weight, and power. The small satellite market 1s currently
experiencing a period of rapid growth. Despite launch
delays, thousands of small satellites are expected to launch
in the next five years.

FIG. 1 shows actual and project small satellite launches
from 2010 through 2022. Despite launch delays, the market
continues on an upward trend.

As the number of satellites 1n orbit grows and their
capabilities improve, the amount of data they generate puts
pressure on existing RF communications infrastructure, par-
ticularly as low latency downlink 1s a prionty for many
satellite operators. The communications subsystem contin-
ues to be a limitation for small satellites. The time required
to license a portion of the RF spectrum often takes longer
than the enftire time to design, build, and test the satellite.
The amateur band 1s becoming overcrowded with small
satellites and licensing organizations such as the Federal
Communications Commission are straining to keep up with
increased demand.

The shortwave inirared spectrum utilized in lasercom has
tew regulations. Unlike RF, the lasercom spectrum does not
require oflicial allocation due to 1ts narrow beamwidths that
present little risk of interference. As of this writing, the only
restrictions for lasercom frequencies are focused on eye
safety and interference. The American National Standards
Institute provides a metric for the maximum permissible
exposure (MPE), which limits the power flux (in W/cm?) of
the signal and 1s dependent on wavelength. For lasercom
downlinks, transmitted power 1s spread out over a large area
and does not approach the MPE limit. Lasers directed
upwards are controlled by the Department of Defense Laser
Clearinghouse (LCH), which provides guidelines on report-
ing laser use to protect DOD assets. Safety limits must be
considered on uplink since the power 1s concentrated on the
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2

ground. Careful design and precautionary measures such as
airplane spotters can avoid safety concerns.

Lasercom Ground Stations for Satellite Communications

Existing lasercom ground stations are limited in number
and are typically built into locations with existing infrastruc-
ture, such as astronomical observatories. A major challenge
for lasercom ground stations are the limitations imposed by
weather. A cloud-iree line of sight between the space and
ground terminals 1s required, which reduces the availability
of individual sites. Diversity in the locations of ground
stations 1s essential for link availability.

The mnitial imnvestment cost can be high for optical ground
stations, ranging from $1-5 million for a low-Earth orbit
(LEO) to ground link. The initial investment cost makes
development of a diverse ground network challenging.
While pay-by-the-minute ground networks exist over RF, no
similar option exists for lasercom. RF antennas can be
purchased off-the-shelf, but the precision pointing required
of optical ground stations requires a more custom solution.

Telescope and Site Selection

A Tundamental design parameter of the ground station 1s
the telescope diameter. A larger telescope collects more
photons, but the desirability of a large aperture also depends
on modulation scheme. The most common scheme 1s 1nten-
sity modulation, which carries information based on the
presence or absence of photons at a given time. However,
some lasercom missions utilize coherent communication, 1n
which case the phase of the incoming signal must also be
recovered.

In the case of incoherent (1.e., direct) detection, the
diameter of the telescope 1s selected based on the required
power at the receiver. The diameter of the telescope goes
into the link budget along with other parameters including
transmitter power, path length, and beam divergence. It may
be advantageous to split the collection area into several
smaller telescopes, which can avoid the challenges of con-
structing a single large telescope. However, this presents its
own challenges regarding alignment and the coupling of
signal among multiple telescopes. Regardless of the specific
implementation, a design driver of these systems 1s to
provide enough aperture to meet a desired link margin.

The desired aperture size of a coherent ground station 1s
somewhat more complicated due to atmospheric effects. In
this case, there are two possible paths based on the Fried
parameter, r,. The Fried parameter has unmits of length and 1s
defined as the diameter of a circular area over which the
RMS wavelront aberration after passing through the atmo-
sphere 1s 1 radian. For practical purposes, the Fried param-
cter 1s the diameter at which a diffraction-limited telescope
has approximately the same resolution with or without
turbulence. For a telescope with a diameter D where
D/r,>>1, the atmosphere causes significant spreading of the
signal 1n the focal plane. A telescope with D/ry<<1 will be
diffraction-limited based on the aperture size.

The Fried parameter depends on location and time of day,
but can be on the order of 10 cm at an astronomical
observatory under favorable conditions at a wavelength of
500 nm. For coherent ground stations, either the aperture
should be reduced below the Fried parameter or adaptive
optics should be used to compensate for atmospheric turbu-
lence. Constraining the aperture presents challenges in the
link budget, so generally adaptive optics are preferable
despite the additional complexity.

The location of the ground station 1s driven primarily by
weather. Optical ground stations have many characteristics
in common with astronomical observatories and are some-
times co-located. Desirable characteristics include high alti-
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tude, low humaidity, few clouds, and low-strength turbulence.
An additional consideration 1s spacecrait visibility, which
could be a limitation for locations at extreme latitudes.

Pointing, Acquisition, and Tracking

Lasercom systems align the optical line of sight very
precisely. Existing systems have error as small as submi-
croradians. For a ground station, this can be accomplished
by steering the telescope alone and using a fine pointing,
stage. The signal 1s initially acquired with coarse sensors and
open-loop pointing of the telescope. The stages of control
are coordinated for handofl such that the coarse stage can
maintain the signal within the range of the fine stage.

Prior to tracking a satellite, the ground station 1s aligned
and calibrated. A pointing model accounts for the orientation
of the telescope/mount assembly 1n 1nertial coordinates. This
model can also account for mechanical properties of the
telescope and common sources of error. The pointing model
1s generated by taking observations of known celestial
objects.

FIG. 2 shows a process 200 of pointing, acquisition, and
tracking for a typical lasercom terminal. The process 200
begins with open-loop 1nitial pointing of the ground station
telescope towards the satellite and/or vice versa (step 202),
tollowed by open-loop coarse scan and detection of the
satellite by the ground station and/or vice versa (step 204).
In response to successiul detection of the satellite, the
ground and space terminals switch to closed-loop fine sens-
ing and pointing (step 206). Once the ground and space
terminals have locked onto each other, communications can
begin, and the ground and space terminals continue with
closed-loop fine tracking and link maintenance (step 208)
until communications end.

In the process 200 of FIG. 2, the ground (space) terminal
1s closed-loop tracking the signal from the opposing space
(ground) terminal. For satellite-to-ground communications,
the 1mitial satellite pointing error i1s usually larger than the
downlink beamwidth. The ground station and spacecrait go
through an acquisition procedure to make sure each terminal
can see the other.

The majority of space lasercom terminals use beacon
tracking to locate the ground station. In this approach, the
ground station sends up a wide beam towards the spacecraft.
The spacecratt sees this signal and corrects 1ts pointing error
so that the ground station 1s 1lluminated with the downlink.
While beaconless tracking reduces system complexity and 1s
particularly appealing for deep space lasercom, 1t 1s chal-
lenging to implement in practice. Without a beacon, the
satellite must point within the accuracy of the downlink
beamwidth without receiving any feedback from the ground
station. Regardless of the use of a beacon uplink, the ground
station typically closed-loop tracks the downlink.

FIGS. 3A-3C show the pointing, acquisition, and tracking,
sequence for a lasercom link between a ground station 310
and a satellite 320. From the perspective of the ground
station 310, the sequence begins with 1nitial pointing of a
beacon 312 towards the expected location of the spacecraft
320 as shown 1n FIG. 3A. Orbital knowledge usually comes
from GPS, radio ranging, or two-line element sets (TLEs)
published by the Joint Space Operations Center (JISpOC),
and any error in the spacecraft’s position 1s translated into
pointing error. The mispointing induced by position error
gets worse the closer the spacecratt 1s to the ground station.

The ground station then enters the acquisition sequence
(FIG. 3B). The ground station 310 open-loop tracks the
expected trajectory of the spacecrait 320 and can perform a
scan until a signal 1s seen. Coarse sensors with a wide field
of view (FOV) 322, such as cameras, are used in the
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acquisition phase. Once the downlink signal has been
detected, the ground station 310 can close its tracking loop
and transition to using its fine pointing stage. When the
ground station 1s fine tracking onto its receiver, the satellite
320 can transmits an optical signal beam 324 as shown 1n

FIG. 3C.

For bidirectional systems, the final step 1s link mainte-
nance which 1s conducted throughout communications. The
purpose of link maintenance 1s to ensure transmit/receive
(I'x/Rx) path alignment. This can be done by slightly
adjusting pointing angle and applying a correction based on
received power at the opposing terminal. Alternatively, the
system can be designed with seli-test capabilities through
the use of optical elements to redirect transmitted signal into
the receive path for alignment.

Instrumentation

In operation, the ground station collects signal onto the
receiver. The design of the ground station optical assembly
may be mission-specific, but there are key components that
ground stations have 1n common. These generally include an
acquisition sensor, a fine pointing sensor, a fine pointing
actuator, a beacon, and a receiver. In the case of coherent
lasercom, a wavelront sensor and corrective actuator may
also be used.

The choice of receiver architecture drives the design of
the optical assembly. The three general architectures are
direct detection without preamplification, direct detection
with preamplification, and coherent detection. The most
common receiver choice 1s direct detection with a photo-
diode. Avalanche photodiodes (APDs) can have sensitivities
in the photon-counting regime. High photodiode bandwidth
typically requires low capacitance, which 1n turn limits the
maximum detector area. This presents a challenge for the
ground station to collect signal onto a receiver with a
diameter of 200 microns or less. The size of the APD 1s a
design trade for the system.

Coherent receivers necessitate adaptive optical elements
as well as a local oscillator. For direct detection, optical
preamplifiers, such as those in terrestrial fiber systems, can
greatly improve the sensitivity of receivers. However, this
involves coupling of the signal into a single-mode fiber with
a diameter of around 9 microns. This again calls for adaptive
optics to correct spreading of the signal due to atmospheric
turbulence.

Apart from the receiver, the ground station mstrumenta-
tion includes sensors and actuators to assist with pointing,
acquisition, and tracking. Some ground stations have mul-
tiple levels of coarse sensors and actuators to achieve the
desired pointing accuracy. The acquisition sensor 1s com-
monly a focal plane array or a quadrant detector with a wide
FOV. This sensor 1s used to spot the signal and steer 1t into
the FOV of the fine sensor. The fine sensor 1s also usually a
focal plane array or quad detector with a narrow FOV. A
fast-steering mirror (FSM) 1s most commonly used for
precise tracking. An FSM 1s a flat tip/tilt mirror with
bandwith 1n the hundreds or thousands of Hertz. An alter-
native approach uses a nutation element on the recerve fiber
paired with a photodiode to measure received power and
adjust the fiber line of sight.

Challenges for Optical Ground Stations

Atmospheric Effects

The twinkling of stars at night 1s a well-known example
of how light 1s distorted as it propagates through the atmo-
sphere. To establish an optical link, a clear line-of-sight 1s
desired between both terminals. The severity of atmospheric
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cllects ranges from complete link unavailability, as in the
case of cloud cover, to milder effects that can be addressed
in the design of the terminal.

To ensure link availability, a diverse ground station net-
work can overcome 1ssues of cloud cover. At a given time,
single-site availability may range from 60-80% while three
or more sites can achieve over 90% availability. Transport-
able ground stations can mitigate the effects of seasons and
enable dynamically deployed networks.

Beyond cloud cover, the lasercom terminal should be
designed to handle general atmospheric conditions. Three
atmospheric eflects on beam propagation are absorption,
scattering, and refractive-index fluctuations. Absorption and
scattering tend to cause signal attenuation, while refractive-
index fluctuations (i.e., turbulence) tend to cause 1rradiance
fluctuation and loss of spatial coherence.

The atmosphere has different effects on downlinks and
uplinks. In downlinks, the atmosphere 1s close to the
receiver, whereas 1n uplinks the signal passes through the
atmosphere immediately upon transmission. By the time the
downlink reaches the atmosphere, 1t has spread out, so it
tends to experience scintillation and changes in angle-oi-
arrival. The downlink scintillation benefits from an aperture-
averaging ellect. The uplink experiences scintillation and a
more severe beam wander. Since the beam has not spread
out significantly as in the case of the downlink, the entire
signal can be deflected, typically on the order of a few
microradians. These atmospheric eflects must be carefully
considered 1n the link budget and the design of the pointing
and tracking system.

Pointing, Acquisition and Tracking of Low Earth Orbit
(LEO) Satellites

A particular challenge for optical ground stations 1s track-
ing LEO satellites. Ground station passes last less than 10
minutes, so the ground station must quickly acquire the
downlink to maximize data transmission.

A common mount type for LEO tracking applications 1s
the altazimuth mount. An altazimuth mount has one gimbal
that provides 360-degree motion 1n azimuth and a second
gimbal that provides 90-degree rotation 1n altitude (eleva-
tion). When trying to track through zenith with an altazimuth
mount, a singularity occurs: at zenith, the azimuth should
instantaneously rotate through 180 degrees. The result 1s that
any satellite pass that approaches zenith produces very high
slew rates 1n the azimuth axis. FIG. 4 shows the maximum
azimuth rate as a function of satellite altitude and elevation.
The lower the satellite altitude and the higher the elevation,
the more challenging 1t 1s for the ground station to track the
satellite.

This problem occurs 1n any two-axis mount. Equatorial
mounts, which are a common choice for astronomical obser-
vatories, simply tilt this singularity to be aligned with the
Earth’s polar axis. Unfortunately for altazimuth mounts,
zenith passes also correspond with the shortest link range
and therefore the most favorable link conditions. Although
high elevation passes are rare, the mount should be capable
of fast slews to ensure the link can be maintained near the
singularity.

Transportability

The transportability of an optical ground station presents
several unique challenges as compared to fixed optical
ground stations. It should be designed to be compact and
casily stowed for transport. This 1s particularly taxing on the
optical assembly. The sensors, actuators, and optical ele-
ments should be coupled into the optical path of the tele-
scope. There are two approaches to this. The preferred but
more costly approach is to implement Coudée path in which
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the signal of the telescope 1s directed to a fixed location
below the assembly. A controlled laboratory space with an
optical bench can be set up below the telescope. This 1s a
common approach for fixed optical ground stations, but 1s
not well-suited for transportability.

Instead, the optical assembly can be mounted directly to
the telescope. Whereas a Coude path provides as much space
as desired for the optical assembly, weight and volume are
important constraints for a transportable ground station. The
optical assembly should have a small size so as not to
imbalance the telescope, and 1t 1s desirable to mimimize the
number of optical elements.

Another challenge for transportable ground stations 1s the
initial calibration and development of a pointing model. For
fixed ground stations, the telescope calibration 1s done by
sighting dozens of individual stars. This process 1s time-
consuming but 1s very stable once 1t 1s complete. For
transportable ground stations, the calibration should be
conducted whenever the telescope 1s moved. It 1s therefore
desirable to have this process be as rapid as possible.

Existing Optical Ground Stations

Fixed Existing Optical Ground Stations

This section focuses on two examples of fixed optical
ground stations that have supported high-profile lasercom
demonstrations. "

These are the European Space Agency’s
Optical Ground Station (ESA-OGS) and NASA JPL’s Opti-
cal Communications Telescope Laboratory (OCTL).

FIG. 5 shows ESA-OGS, which 1s located at the Teide
Observatory on Tenerife Island, Spain. ESA-OGS was con-
structed to support the Semiconductor-laser Inter-satellite
Link Experiment (SILEX). Space-to-ground communication
between the telecommunications satellite ARTEMIS and
ESA-OGS was first established 1n 2001. ESA-OGS has been
used extensively 1n support of lasercom missions ncluding
the Laser Utilizing Commumnications Equipment (LUCE)
mission by the Japan Aecrospace Exploration Agency
(JAXA) launched 1 2005 and the French Liaison Optique
Laser Aeroportee (LOLA) aircraft-to-space link demon-
strated 1n 2006. ESA-OGS was one of several optical ground
stations utilized in the Lunar Laser Communications Dem-
onstration (LLCD) 1 2013, which established lasercom
links between a lunar orbiter and Earth.

While ESA-OGS originally only supported lasercom
links based on intensity modulation, such as on-ofl keying
(OOK), 1t has been retrofitted with adaptive optics to correct
atmospheric phase distortion. This allows for higher data
rates using homodyne binary phase shift keying (BPSK)
modulation, which 1s used by the next-generation lasercom
terminals on the European Data Relay System (EDRS)
currently being implemented.

FIG. 6 shows the full ESA-OGS telescope assembly. It
has a 1-meter aperture in a Ritchey-Chretien/Coude con-
figuration. The telescope 1s attached to an English equatorial
mount. The telescope has a focal ratio of 1/39, which
corresponds with a field of view (FOV) of 2.3 mrad. The
Coude path leads to an enclosed laboratory below the
telescope where a 5x2 m~ optical bench contains the receive
and transmit optics.

On the receive path, the light from the telescope 1s
collimated and directed onto an FSM that provides steering
corrections. A portion of the received signal can be directed
onto a wavelront sensor. The remainder of the signal goes
through a beamsplitter with a pass-through aperture at its
center. This aperture 1s the size of the tracking sensor’s FOV,
so that 1f the signal 1s within the FOV 1t passes through;
otherwise, the signal 1s directed to an acquisition sensor with
a wider FOV. The signal passing through the beamsplitter 1s
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directed through an optical isolator for the transmit and
receive beams. A final beamsplitter divides the signal
between the tracking sensor and the receiver/analysis equip-
ment.

The transmitter is a titanium-sapphire laser capable of >

providing 7 W output power at 847 nm, pumped by an argon
laser. A second steering mirror 1s used for aligming the
transmitted and recerved signals and implementing a point-
ahead angle as needed. The transmitted signal goes through
the optical 1solator and couples into the path that the
received signal follows.

During a communications pass, the telescope tracks the
satellite position from known orbital information 1 an
open-loop manner (blind pointing). The satellite scans a
beacon over 1ts cone of pointing uncertainty, and the ground
station waits to see a signal on 1ts acquisition sensor. Once
the signal 1s seen, the fine pointing mirror steers the recerved
signal onto the tracking sensor and the ground station
initiates 1ts beacon to point towards the satellite. If the fine
pointing mirror approaches the edge of its range, 1t can
oflload to the telescope mount. When the ground station has
locked on to the received signal, 1t maintains the signal
within four pixels on a tracking sensor which acts as a
quadrant detector. At this point, the ground station 1s ready
to receive data.

FIG. 7 shows the NASA JPL Optical Communications

Telescope Laboratory (OCTL), which was built starting 1n
1999 to support to support space-to-ground lasercom mis-
sions. OCTL 1s located at the Table Mountain Facility in the

San Bernardino Mountains 1n southern California. OCTL
conducted a 50 Mb/s space-to-ground link with JAXA’s

LUCE terminal in low Earth orbit (LEO) i 2009. It was
used as one of the ground stations for LLCD to support lunar
downlink rates up to 78 Mb/s. OCTL was also used for the
Optical PAyload for Lasercomm Science (OPALS) mission
which completed downlinks from the International Space
Station (ISS) 1n 2014.

OCTL has a 1-meter telescope that 1s in a Coude con-
figuration and 1s attached to a high-speed altazimuth mount.
The focal ratio of the telescope 1s 1/76, corresponding with

a diffraction-limited FOV of 500 urad. Co-aligned with the

main aperture 1s a 20 cm, /7.5 Newtonian telescope used for
acquisition. This telescope has a FOV of 5 mrad and 1is
aligned to well within the FOV of the main telescope,
ensuring a signal can be guided into the main telescope.
Additionally, a CCD camera with a motorized zoom lens
provides a coarse FOV of 34 degrees down to 1.7 degrees for
use 1n coarse acquisition. Initial acquisition can be achueved
with the wide FOV camera or the acquisition telescope,
which provides feedback to bring the target within the FOV
of the main telescope.

A mirror along the Coude path can direct the signal to any
of four different optical benches so that ongoing missions
can coordinate time on the telescope. The optical assembly
depends on the specific mission, but an FSM 1s generally
used for fine poimnting. For LLCD and OPALS, a monostatic
configuration was used 1n which the transmitted signal goes
out of the main telescope. The mount can slew up to 20
degrees/s 1n azimuth and 10 degrees/s in elevation, which
enables tracking of LEO satellites.

Transportable Existing Optical Ground Stations

Existing transportable optical ground stations are
described in this section. These include the NASA/MIT
Lincoln Laboratory’s Lunar Lasercom Ground Terminal
(LLGT), the Transportable Optical Ground Station (TOGS)

10

15

20

25

30

35

40

45

50

55

60

65

8

by the German Aerospace Center (DLR), and the Transport-
able Adaptive Optical Ground Station (TAOGS) by Tesat
Spacecom.

LLGT was the primary ground terminal developed for
LLCD. A 622 Mb/s link was established between a lasercom

terminal on the Lunar Atmosphere and Dust Environment
Explorer (LADEE) spacecrait and LLGT. The ground sta-
tion was designed by MIT Lincoln Laboratory and located
at the White Sands Missile Range mn New Mexico for
operations. The ground station was designed to be trans-
portable so that it could be developed near MIT Lincoln
Laboratory and then transported to the White Sands location.

FIG. 8 shows the telescope assembly, which 1s contained
in a clamshell dome and the support equipment 1s housed 1n
a converted 40 it shipping container. The telescope assembly
includes four 15 cm uplink telescopes and four 40 cm
downlink telescopes on an altazimuth mount. Having mul-
tiple apertures 1s a stmple way of scaling to a large combined
aperture and 1t provides spatial diversity to mitigate atmo-
spheric effects. Behind each telescope are an FSM and
InGaAs focal plane array to allow independent tracking of
the downlink with 25 Hz closed-loop bandwidth.

The uplink includes four 10 W optical transmitters with
adjustable divergence angles. The downlink telescopes
couple to multi-mode polarization-maintaining fiber which
transfer the photons to photon-counting superconducting
nanowire arrays. These exotic detectors have demonstrated
elliciencies of 0.5 photons/bit and enable the success of
LLCD establishing high-rate links at lunar distances.

At the start of a link, LLGT and the space terminal point
at each other based on known ephemeris data. After the
space terminal sees the ground signal, 1t corrects 1ts pointing
to be seen by LLGT. Both sides of the link then close i on
their targets and 1nitiate communication. This process usu-
ally lasted only a few seconds.

DLR developed a transportable ground station to enable
near real-time data transier from Earth-observing satellites
and aircraft. The system was first tested as part of DLR’s
VABENE project, in which a 1 Gb/s link was established
between TOGS and a Dornier 228-212 aircrait. TOGS has
also been used to track OPALS on the ISS, and 1s the primary
ground station for the OSIRIS payload on the BiROS
satellite.

FIGS. 9A and 9B show TOGS 1n 1ts deployed and folded
configurations, respectively. TOGS has a deployable 60 cm
telescope in a Ritchey-Chretien-Cassegrain configuration.
The telescope 1s supported by an altazimuth mount on a
structure with four adjustable legs. The structure has a mass
of about 500 kg. The legs can level the mount and compen-
sate for rough terrain. The telescope and mount fold into a
truck which provides a means of transportation as well as an
operations enclosure. To enable rapid calibration, dual-
antenna GPS gives 1mitial position and heading information.
The mount also contains a tip/tilt sensor.

The optical assembly 1s mounted behind the telescope. A
wide FOV camera 1s co-aligned with the main aperture to
provide coarse feedback. Signal from the telescope 1s
directed by a beam splitter onto a tracking camera and
receiver to enable fine pointing. A movable lens allows focus
adjustment. When the target 1s seen as a centroid on the
tracking camera, a correction can be applied to the mount.
Two 1350 nm, 5 W beacons are co-aligned with the receive
telescope to 1lluminate the target.

Tesat Spacecom demonstrated coherent intersatellite laser
communications 1in 2008 between two LEO satellites, and a
modified version of the lasercom terminal was placed at
ESA’s Tenerife facility to demonstrate space-to-ground
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coherent communications. A 5.6 Gb/s bidirectional link was
established between a 6.5 cm ground aperture and a 12.4 cm
LEO aperture during campaigns i both Tenerife and
Hawaii. Because the lasercom terminal was designed for
intersatellite links using BPSK modulation, the ground
terminal size had to be reduced to 6.5 cm and placed at high
altitudes to overcome atmospheric eflects.

Without adaptive optics, the ground station 1s limited in

terms of 1ts aperture size, which 1n turn increases the power

required to establish a link. To overcome this, Tesat began
developing TAOGS 1n partnership with Synopta and DLR.
TAOGS has demonstrated 5.6 Gb/s communications with
LEO satellites and 2.8 Gb/s uncoded to geostationary (GEO)
satellites. TAOGS 1ncludes an optics container and an opera-
tions container as shown in FIG. 10.

TAOGS has a receive aperture of 27 ¢cm and a separate
transmit beam that can be adjusted between 2, 3.5, and 9.5
cm. There are two pointing assemblies, one of which con-
tains the receive aperture and can transmit at 2 and 3.5 cm.
A separate assembly 1s transmitter-only at 3.5 and 9.5 cm.
Both assemblies can be seen in FIG. 10. A calibration
procedure with star sightings 1s used to align the main
pointing assembly up to an accuracy of 50 urad.

TAOGS uses a CMOS camera behind the telescope as an
acquisition sensor. An FSM 1s used to provide fine steering.
A 96-element Shack-Hartmann sensor 1s used to detect the
wavelront which 1s paired with a 12x12 actuator MEMS
deformable mirror to provide wavelront correction. A sepa-
rate mirror 1s used to implement point-ahead on the trans-
mitted signal.

TABLE 1 (below) summarizes some parameters of the
optical ground stations discussed above. While the devel-
opment costs of the stations discussed are not published,
they can be estimated from an Interagency Operations
Advisory Optical Link Study Group with participants from
Centre National d’Etudes Spatiales (CNES), DLR, ESA,
JAXA, Korea Aerospace Research Institute (KARI), and
NASA. The group estimated the cost of potential 40 cm
ground stations in diverse locations intended for use with
LEO satellites. Initial costs ranged between $1-5 million per
site. For a mass estimate, consider TOGS, which has a mass
on the order of 500 kg excluding the support equipment.

TABLE 1

Summary of existing optical ground station parameters.

Name/ Receive  Mount f-

Org. Aperture  Type ratio  Notes

OGS/ 1 m English /39  Open-loop pointing +
50 rad

ESA equatorial Fitted with adaptive
optics

OCTL/ 1 m Altazimuth /76  Open-loop pointing +
17u rad

JPL Co-aligned 20 ¢cm 1/7.5
telescope for acquisition

LLGT/ 4 x 40 cm Altazimuth  — Deployable from 40-1t
container

MITLL Superconducting
Nanowire recerver
for lunar links

TOGS/ 60 cm Altazimuth /2.5 Deployable from truck

DLR Co-aligned wide FOV
camera for
acquisition

TAOGS/ 27 cm Altazimuth  — Deployable from
container

Tesat Open-loop pointing +

200p rad

Fitted with adaptive optics
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10
SUMMARY

Embodiments of the present technology include a ground
station for satellite lasercom with a cost of less than $25,000
and a mass of about 50 kg or less. This 1s approximately 100
times less expensive and 10 times less massive than state-
of-the-art ground stations. This low-cost, portable optical
ground station can help alleviate the problem of ground
station availability. It can be relocated to avoid seasonal
weather variation or even to target individual satellite orbits.
By using low-cost, commercial-ofi-the-shelf technology,
many stations can be deployed at the same cost of a single
fixed site. A portable optical ground station can also make
lasercom accessible to spacecrait operators who do not have
an observatory-class facility.

Other embodiments of the present technology include
methods of pointing a telescope mounted on a gimbal at a
satellite. Examples of these methods may 1nclude acquiring
a plurality of star camera 1mages with a star camera aflixed
to the telescope at respective gimbal positions 1n a plurality
of gimbal positions, with each star camera image at a
different gimbal position. (The star camera can have a wider
field of view than the telescope.) A processor coupled to the
star camera and gimbals determines an alignment of the
gimbal to an Earth-centered reference frame and an align-
ment of the star camera to the gimbal based on the star
camera 1mages and the gimbal positions. The processor can
then command the gimbal to point the telescope at the
satellite based on the alignment of the gimbal to the Earth-
centered reference frame, the alignment of the star camera to
the gimbal, and an alignment of the telescope to the star
camera.

Acquiring the star camera 1images may include rotating
the telescope and the star camera to a plurality of azimuth
angles and a plurality of altitude angles with the gimbal.
Acquiring the star camera 1mages can occur quickly, e.g.,
within one hour.

In some cases, the processor determines the alignment of
the gimbal to the Earth-centered reference frame and the
alignment of the star camera to the gimbal by determining an
alignment of the telescope to the gimbal based on the gimbal
positions. The processor may also determine the alignment
of the telescope to the star camera, e.g., by acquiring an
image with an 1mage sensor in optical communication with
an eyepiece of the telescope and correlating the image to at
least one of the star camera 1mages.

The processor and gimbal may point the telescope at the
satellite at a root-mean-square error of less than 180 arc-
seconds. They may also cause the telescope to track the
satellite. For instance, they may track the satellite by esti-
mating a change 1n azimuth angle and/or altitude angle of the
satellite based 1n part on the alignment of the gimbal to the
Earth-centered reference frame and the alignment of the star
camera to the gimbal.

Together, the telescope, gimbal, star camera, processor,
and optional 1mage sensor form a ground station that can
weigh less than about 50 kilograms. The telescope can have
a lens aperture of less than about 1 meter, and the gimbal can
be a two-axis gimbal (e.g., an altazimuth gimbal). The
ground station may also include one or more encoders that
are operably coupled to the gimbal to measure change(s) 1n
angle of the gimbal about different axes.

It should be appreciated that all combinations of the
foregoing concepts and additional concepts discussed 1n
greater detail below (provided such concepts are not mutu-
ally inconsistent) are contemplated as being part of the
inventive subject matter disclosed herein. In particular, all
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combinations of claimed subject matter appearing at the end
of this disclosure are contemplated as being part of the
inventive subject matter disclosed herein. It should also be
appreciated that terminology explicitly employed herein that
also may appear 1n any disclosure incorporated by reference
should be accorded a meaning most consistent with the
particular concepts disclosed herein.

BRIEF DESCRIPTIONS OF THE DRAWINGS

The skilled artisan will understand that the drawings
primarily are for illustrative purposes and are not imntended to
limit the scope of the inventive subject matter described
herein. The drawings are not necessarily to scale; 1n some
istances, various aspects of the mventive subject matter
disclosed herein may be shown exaggerated or enlarged 1n
the drawings to facilitate an understanding of different
teatures. In the drawings, like reference characters generally
refer to like features (e.g., functionally similar and/or struc-
turally similar elements).

FIG. 1 shows actual and projected small satellite launches
from 2010 through 2022.

FIG. 2 shows pointing, acquisition, and tracking steps for
a laser communications terminal.

FIGS. 3A-3C illustrate pointing, acquisition, and tracking,
for satellite lasercom.

FIG. 4 1s a plot of ground station slew rate as a function
of satellite altitude and maximum elevation of pass. An
altazzimuth mount tracking near zenith results 1n very high
azimuth rates.

FIG. 5 shows the European Space Agency’s Optical
Ground Station (ESA-OGS) facility located at the Teide
Observatory on Tenerife, Canary Islands, Spain.

FIG. 6 shows the ESA-OGS 1-meter telescope on an
English mount.

FIG. 7 shows NASA JPL’s Optical Communications
Telescope Laboratory at the Table Mountain Facility 1n
southern California.

FIG. 8 shows NASA/MIT Lincoln Laboratory’s Lunar
Lasercom Ground Terminal pictured in White Sands, N.
Mex.

FIGS. 9A and 9B show the DLR’s Transportable Optical
Ground Station deployed for operations and folded into a
truck for transport, respectively.

FIG. 10 shows Tesat Spacecom’s Transportable Adaptive
Optical Ground Station consisting of an optics container and
storage container. Two pointing assemblies can be seen for
receive (downward arrow) and transmit (upward arrow).

FIG. 11 1s a block diagram showing the basic telescope
pointing problem of how to generate mount angles.

FI1G. 12 1llustrates the chain of pointing transformations in
the pointing algorithm proposed in Patrick Wallace, “A
rigorous algorithm for telescope pointing,” 1n Proc. of SPIE
Vol. 4848, Advanced Telescope and Instrumentation Control
Software II, pages 125-136, 2002, which 1s incorporated
herein by reference 1n its entirety. The boxes show vectors
in mtermediate frames while the 1talics show the transior-
mations between vectors.

FIG. 13 shows a Meade LX200 amateur telescope with
computerized align and track capability.

FIG. 14 1s a block diagram of portable optical ground
station.

FIG. 15 shows a Celestron CPC1100 on the roof of MIT
Building 37.

FIG. 16 1s a block diagram of receiver assembly with
identified hardware.

10

15

20

25

30

35

40

45

50

55

60

65

12

FIG. 17 shows a receiver assembly mounted behind
telescope.

FIG. 18A shows axes for the camera frame of reference,
telescope frame of reference, and gimbal mount frame of
reference for a portable optical ground station.

FIG. 18B 1illustrates a process for calibrating a portable
ground station, pointing the portable ground station at a
satellite, and tracking the satellite with the portable ground
station.

A shows axes for the camera frame of reference, telescope
frame of reference, and gimbal mount frame of reference for
a portable optical ground station.

FIG. 19 shows the International Space Station (ISS)
(1nside the circle) as seen from the star tracker attached to
the telescope.

FIG. 20 shows the ISS as seen from the camera behind the
telescope.

FIG. 21 shows the Azimuth/Altitude (Azi/Alt) angle
profile for ISS tracking with a portable ground station.

FIG. 22 shows Azi/Alt control error and slew rate com-
mands.

FIG. 23 shows ISS tracking error calculated from location
on the eyepiece camera.

FIG. 24 shows plots of a simulated pointing model
parameter estimation using nonlinear least squares.

FIG. 25 shows an over-the-air test setup 1n the lab. The
benchtop transmuitter signal 1s launched into free space from
a collimator which i1s picked up by the ground station
assembly across the lab.

FIG. 26 shows Azi/Alt mount angles measured for a
sample ISS tracking maneuver.

FIG. 27 shows Azi/Alt control error plotted with the slew
rate commands.

DETAILED DESCRIPTION

The present technology uses an amateur telescope as a
portable optical ground station for tracking and communi-
cating with satellites and other spacecraft. Using an amateur
telescope has the potential to reduce mass by a factor of ten,
from hundreds of kilograms to tens of kilograms, and to
reduce cost by a factor of one hundred, from millions of
dollars to tens of thousands of dollars, compared to state-
of-the-art optical ground stations disclosed above. This
portable can be deployed rapidly (e.g., in an hour or less) to
point within an accuracy of 100 arcseconds root-mean-
square (RMS) error. This pointing error 1s small enough to
track a satellite or other spacecrait in low Earth orbit (LEQO).

This rapid deployment 1s enabled by a telescope calibra-
tion approach using a star camera attached to the telescope.
The telescope calibration process requires little to minimal
manual 1input and 1s agnostic to mitial telescope orientation.
Once the telescope establishes an optical communications
link with the satellite, a tracking filter for precision satellite
tracking considers errors in calibration and orbital elements.
This satellite tracking filter combines orbital elements and
telescope parameters 1nto the state. As understood by those
of skill in the art, the “state’ or “state vector’” 1s a term of art
that refers to the vector with the components being esti-
mated. Examples of state vectors include the telescope state
vector (where the telescope 1s positioned and pointing) and
the satellite state vector (where the satellite 1s positioned and
pointing). s

As discussed above, prior “transportable” ground stations
that are documented 1n the literature are transportable via
trucks or shipping containers. Conversely, the ground station
disclosed here 1s “‘portable,” meaming that 1t 1s compact
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enough to be moved and deployed by one or two people.
Moreover, an example ground station

Ground Station Pointing,

Telescope control can be split into two segments: “point-
ing”” and “tracking.” Pointing refers to the period before the
target 1s acquired, while tracking describes the period after
acquisition. This section describes how telescopes perform
initial pointing.

To point a telescope towards a desired object, the coor-
dinates of the object are generally necessary. Those coordi-
nates are typically specified 1n an inertial frame such as the
International Celestial Reference Frame (ICRF) adopted by
the International Astronomical Union. There are several
transformations that go into getting the appropriate target
coordinates that include precession, nutation, aberration,
sidereal time, and refraction through the atmosphere. Posi-
tional astronomy libraries such as SLALIB and NOVAS can
assist with these transformations.

With target coordinates 1n an Earth-fixed inertial frame
(e.g., right ascension and declination), the coordinates can
be determined 1n a local horizontal frame (e.g., azimuth and
clevation) by taking into account the location of the ground
station, the rotation of the FEarth, and the current time. If the
telescope assembly were perfect, simply commanding the
mount to the azimuth and elevation of the target would point
the telescope at the target. However, the telescope assembly
has 1mperfections such that the azimuth and elevation as
read by the mount encoders 1s usually not exactly the true
azimuth and elevation of the telescope boresight. The point-
ing model characterizes this difference. It determines what
mount angles the telescope should be commanded to.

FIG. 11 shows a block diagram of the pointing problem,
which 1s a transformation between a target vector 1102 1n a
local horizontal reference frame and the desired “look
vector” 1n the reference frame of the camera behind the
telescope. Stated more simply, what mount rotation waill
center the target on the camera? This process generally
transforms through several intermediate reference frames
including the azimuth and elevation rotation of the tele-
scope. The goal of the pointing model 1s to determine the
correct command 1nputs to the telescope mount 1n azimuth
and elevation. It 1s worth noting that these inputs appear 1n
the middle of the pointing model transformation chain.

A basic piece of information needed 1n the pointing model
1s the mount orientation. This 1s an attitude transformation
from the target coordinate frame (e.g., local horizontal
frame) to the mount frame defined by the two gimbal axes
of the gimbal on which the telescope 1s mounted. In other
words, when the mount encoders read zero degrees in
azimuth and elevation, where 1s the telescope actually
pointed? This brings up a key difference between amateur
telescopes and professional telescopes. Professional tele-
scopes have absolute encoders (or at least some form of
“zero-set”) so that the orientation information 1s never lost.
Amateur telescopes tend to have incremental encoders that
measure changes in orientation rather than absolute orien-
tation, so on powering up the telescope there 1s usually no
information on orientation.

In addition, each telescope may have mechanical imper-
tections and known eflects that produce error. For high
accuracy pointing, these sources of error should be cali-
brated and included in the pointing model, but this 1s
sometimes overlooked 1n amateur telescope software. The
tollowing sections discuss pointing models for amateur and
proiessional telescopes.
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Professional Telescopes

Existing software, such as TPOINT, can develop a point-
ing model with common error terms based on a series of star
observations. This software 1s used worldwide on profes-
sional observatories, including the 3.9 m Anglo-Australian
Telescope, the 10 m Keck Telescope, the 4 m SOAR
Telescope, the 4x8.2 m Very Large Telescope, the Green
Bank 100 m Telescope, the 66x12 m/7 m Atacama Large

Millimeter Array, the 4.2 m William Herschel Telescope, the
4 m Mayall Telescope, the 4 m CTIO Blanco Telescope, the

2x8.2 m Gemini Telescopes, the 3.5 m ARC Telescope, the
3.5 m WIYN Telescope, the 3.8 m United Kingdom Infrared

Telescope, the 76.2 m Lovell Telescope, the 3 m NASA
Infrared Telescope Facility, the 6.5 m Multiple Mirror Tele-
scope, the 2x6.5 m Magellan Telescopes, and the 2x8.4 m
Large Binocular Telescope. These telescopes can point with

arcsecond-level accuracy.
The TPOINT software has led to many offshoots and
variations, but a revised version proposed by the original

developer P. Wallace condenses the prior version mto a
7-term model. Whereas the prior version had many terms
which each applied a linear correction [AAz, AEI] to the
commanded mount angles, the revised model 1s based on a
more rigorous matrix/vector formulation. Wallace also pro-
vided a very simple pointing model that produces linear
corrections from the 7 terms.

Professional telescopes generally come as altazimuth or
equatorial mounts, and TPOIN'T software generalizes to any
two-axis gimbal mount. Before presenting the 7-term model,
it 1s worth highlighting that the model relies on a concept of
nominal orientation. For example, an altazimuth telescope 1s
commonly 1dealized as level with a zero azimuth angle
pointing north. The parameters of the model are linearized
and fit based ofl of this nominal orientation which must be
specified.

The pointing model includes the following seven terms:
roll index error (IA), pitch index error (IB), vertical deflec-
tion (VD), optical telescope assembly/pitch nonperpendicu-
larity (CA), roll/pitch nonperpendicularity (NP), and two
terms for roll axis misalignment (AW, AN). The transior-
mation chain 1s shown 1n FIG. 12, with vectors 1n interme-
diate frames in boxes and the transformations between
vectors 1n italics. There are three key coordinate sets 1n the
chain: the target direction [a, 0] (1.e., azimuth, elevation),
the mount encoder readings [A, B], and the pointing-origin
[X, v]. Knowing two of these coordinate sets can provide the
third. The typical pointing problem i1s knowing the target
direction and the pointing-origin which allows calculation of
the desired mount encoder readings. This 1s the problem
formulation shown 1n FIG. 11, but guiding corrections can
be applied at multiple points.

The first two terms are the roll index error (IA) and pitch
index error (IB). These terms describe when the true zero
position of the pitch and roll axes 1s slightly off from the
nominal orientation. For example, an altazimuth mount
could have a zero-azimuth reading that should correspond
with due north, but in reality 1s slightly east or west of north.
This would be captured in the roll index error (IA) term.
Likewise, the zero position of the elevation axis should lie
on the horizon. IT 1t 1s slightly above or below the horizon,
this 1s captured in the pitch index error (IB) term. These
terms act as additive corrections to the encoder readings.

The vertical deflection (VD) term captures the tendency
of the telescope to droop from gravity. The deflection 1is
proportional to the cosine of the elevation angle. Since this
term 1s attitude dependent it should be recalculated every
tew seconds. The optical telescope assembly/pitch nonper-
pendicularity (CA) corrects the assumption that the pitch
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axis and the boresight of the telescope are perpendicular,
when 1n reality they may not be. The second nonperpen-
dicularity term 1s the roll/pitch nonperpendicularity. While
the two gimbal axes are nominally perpendicular, they may
be slightly misaligned which 1s captured in this term.

Finally, there are two terms for the roll axis misalignment
(AW, AN). For example, an altazimuth telescope should
have a telescope base that 1s level such that the azimuth
gimbal axis points perfectly downwards. In reality, however,
the telescope base may be tilted towards the north or towards
the west. Combined, these seven terms are used in the
pointing model to generate desired encoder readings to steer
the telescope towards the target. In TPOINT software there
are also harmonic terms that can be used to clean up
remaining residuals.

Amateur Telescopes

Many amateur telescopes can be purchased with a com-
puterized alignment procedure built 1. To understand how
these alignment procedures work, consider the options avail-
able from two major amateur telescope providers, Meade
and Celestron. While the internal pointing model i1s not
documented, the alignment procedures provide some infor-
mation.

The Celestron CPC series provides full computerized “Go
To” and tracking capabilities for a database of objects. The
CPC comes with a Global Positioning System (GPS)
receiver to determine position and time. It 1s worth noting,
that these telescopes have incremental encoders, so that
wherever the telescope 1s pointing upon startup becomes the
zero azimuth, zero altitude position.

There are several options available to the user for align-
ment. The simplest 1s the One-Star Align, where a single star
1s 1dentified by the user and centered in the eyepiece (or
detector). This measurement constrains two degrees of free-
dom (DOF) and assumes the telescope 1s level to constrain
the third degree of freedom. This 1s the mimmum amount of
information needed to provide mount orientation.

Other procedures available include a Two-Star Align and
a SkyAlign procedure. While One-Star and Two-Star Align
require that a star be identified by the user, SkyAlign does
not require that any stars be user-identified. Given three stars
centered 1n the eyepiece/detector behind the telescope, the
soltware can search a database to identify the stars and
provide a unique mount orientation. It 1s likely that the
alignment procedure relies on an assumption about the
nominal axis of the roll gimbal since there are separate
procedures for altazimuth and equatorial ahgnments (Given
that only one star 1s required for alignment, 1t 1s likely that
the software 1s only estimating the roll and pitch zero
position, and additional star sightings are used to improve
the accuracy of this estimate. There may be more complexity
to the pointing model internally, but 1n the stmplest case only
two degrees of freedom are determined.

The Meade LX200 series telescope, one of which 1s
shown 1n FIG. 13, provides similar computerized function-
ality to the Celestron CPC series. As with the CPC series, the
encoders are incremental. The L.X200 1s also equipped with
GPS and has additional true-level and true-north sensors.
The telescope ofli

ers an Auto Align feature. It uses 1ts sensors
to find the level of the telescope base (1.¢., the orientation of
the roll axis) and the direction of magnetic north, and also
gets a GPS fix. These measurements alone are enough to
provide an 1initial mount orientation. The program then slews
to two diflerent stars for the user to center in the eyepiece/
detector.

Alternatives to the Auto Align feature are a manual one-
or two-star alignment that do not use sensor information and

10

15

20

25

30

35

40

45

50

55

60

65

16

therefore require manual leveling of the telescope base. This
1s the same procedure as described with the Celestron
mount. The LX200 series has sensors that the CPC series
does not have, and does not assume that the telescope base
must be level. However, the small number of star sightings
indicates that the pointing model 1s probably not much more
complex than a simple 3-DOF ornentation.

The accuracies of the built-in alignment procedures are
hard to assess because they depend on user experience.
When only one or two stars are selected for alignment, the
locations of these stars aflect accuracy of the procedure.
However, tests conducted with a CPC1100 acquired by MIT
STAR Lab using the two-star alignment procedure generally
gave accuracies on the order of hundreds of arcseconds.

While the built-in alignment software for amateur tele-
scopes rely on fairly simple pointing models, there are
software options for higher fidelity models. For example,
Software Bisque provides TheSkyX astronomy software
that includes telescope models based on TPOINT. These rely
on a procedure similar to professional telescopes where a
large number of star sightings generate correction terms 1n
the pointing model.

Shortcomings of Available Pointing Procedures

The optical ground stations disclosed here use amateur
telescopes with nearly proiessional-level pointing perior-
mance. They do not use built-in alignment soitware for
amateur telescopes because the built-in alignment software
1s not good enough to ensure a lasercom signal 1s detected.

There are also drawbacks to using professional software.
The calibration procedure for proiessional telescopes 1s very
time-consuming. Dozens of star sightings are required to fit
the pointing model. Stars must be 1dentified and centered in
a partially manual process. While this may be reasonable for
observatories that remain very stable over time and only
need to calibrate rarely, it 1s much less suitable for an
amateur telescope. The incremental eneeders of an amateur
telescope mean that turning the telescope ofl requires reca-
libration.

The approach of professional software also poses a dis-
advantage for the portability aspect of the proposed optical
ground station. If the telescope 1s packed up and redeployed
frequently, the calibration procedure should be as rapid and
automated as possible. And because a portable ground
station may be redeployed frequently, 1t may not have the
benellt of a stable, nominal telescope orientation. Rather
than having to ensure manually that the telescope 1s near-
perfectly leveled and aligned to zero-azimuth north, it would
be much easier to eliminate these assumptions in soitware.

To overcome the shortcomings of available amateur and
proiessional pointing software, a ground station disclosed
here can use an automated, rapid, and high-fidelity calibra-
tion procedure. For speed and autonomy, a wide field-oi-
view star tracker 1s used for measurements rather than
user-identified and centered stars imaged with a detector
behind the telescope. The calibration 1s augmented to
include the seven pointing model terms disclosed above. The
calibration process can be implemented as a quaternion-
based formulation that 1s 1s agnostic to mount orientation
and 1nitial telescope position; these are determined by obser-
vations rather than set manually beforehand.

Ground Station Tracking

This section reviews examples of the state-of-the-art
approach of tracking satellites with existing optical ground
stations. It then discusses related work in satellite orbait
determination and discloses a tracking approach used by
inventive ground stations.
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The pointing models 1n the sections above describe how
to relate mount encoder angles to celestial pointing coordi-
nates. Often, a telescope should dynamically track an object
(e.g., a LEO satellite) rather than just point statically. Open-
loop tracking refers to the phase before the target 1s seen and
known orbital elements provide a desired tracking trajectory.

One way to approach trajectory tracking is to generate a
series ol angle commands for the telescope using the orbital
clements and the telescope pointing model. The desired
trajectory results from following a series of waypoints. This
1s the approach proposed by Wallace 1n the TPOINT model.
However, this requires an internal controller to execute the
angle commands, which for amateur telescopes can have
significant overshoot or other performance deficiencies.

It makes more sense to drive the gimbal rate directly.
(Given a pointing model of the form 1n FIG. 11, 1t 1s possible
to back out desired gimbal rates by diflerentiating the
equation that relates the observed vector in the detector
frame to the desired vector in local horizontal coordinates.
As 1n the case of generating angle commands, the equations
should be implicitly solved for the desired rates. The
TPOINT model discussed above does not explicitly provide
these equations.

Once the target 1s seen, detector measurements can be
used to improve tracking. This begins the closed-loop track-
ing phase. Closed-loop tracking corrections can be applied
at multiple points 1n the poimnting model. Alternatively,
gimbal rate adjustments can be used to drive the tracking
error 10 Zero.

Current Professional Telescopes

Optical ground stations typically have a fine pointing
system that does closed-loop tracking of the downlink
signal. In many cases, open-loop tracking by the mount 1s
suilicient to stay within the range of the fine pointing system
such that closed-loop telescope tracking 1s not required.

It 1s usetul to look at the tracking strategies of the optical
ground stations described 1n the Background above. ESA-
OGS tracks a satellite open-loop and only offloads when the
fine pointing system reaches the edge of its range. Likewise,
OCTL ftracks open-loop with a periodic angular ofiset to
offload the fine pointing system. TOGS begins with open-
loop tracking and then applies closed-loop corrections to the
mount by a series of angular offsets calculated from 1mage
centroids. Likewise, TAOGS begins with an open-loop
trajectory and applies angular offsets once the signal 1s
acquired. It 1s worth noting that these ground stations are all
driven by angle inputs rather than directly by rate.

Current Amateur Telescopes

Another application that has generated 1nterest in low-cost
telescope tracking of LEO objects 1s space situational aware-
ness and space debris tracking. An eflort at RC Optica
Systems successfully adapted a mid-size commercial-ofl-
the-shelf telescope to track LEO objects. In this work,
TPOINT software 1s used for precision pointing and tracking
onto a 0.39x0.39 degree camera FOV. The eflort relied on
TLEs from JSpOC for orbit prediction. A separate aperture
with a FOV of 1.28x0.85 degrees 1s used for acquisition, and
it was found that open-loop tracking was suflicient to
maintain the satellite within the main camera FOV 1n most
cases. Real-time nonlinear least squares 1s used to fit SGP4
Keplerian elements from observed position.

The U.S. Air Force has also pursued development of
autonomous low-cost telescopes for observing space
objects. The High Accuracy Network Determination System
(HANDS) relies on amateur telescopes running the Software
Bisque distribution of TPOINT. Orbital elements are {it
based on observed satellites and background stars.
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Finally, the Virginia Tech Optical Satellite Tracking Tele-
scope (VIOST) combines a narrow FOV amateur telescope
with a large FOV camera for acquisition and tracking of
satellites. When not 1n use, the mount remains powered to
avold having to perform realignment. Tracking relies on
TLEs to generate angle commands for open-loop pointing,
which the author notes 1s the driving motivation for the large
FOV acquisition camera. Closed-loop pointing updates are
provided by analyzing streaks in the camera and generating
angular corrections.

There are some differences between using amateur tele-
scopes for space object tracking and lasercom that are worth
noting. For space object tracking, the pointing requirements
are much less stringent. The object should remain within the
FOV of a camera on the order of a degree, whereas for
lasercom a fine pointing system should steer the signal onto
the receiver with a FOV on the order of thousandths of a
degree. At shortwave infrared wavelengths for laser com-
munications, there are fewer low-cost sensors than at the
visible wavelengths used for space object tracking. The
systems developed for space object tracking are also
intended to be fixed, so they do not address the 1ssue of rapid
calibration.

Shortcomings of Current Ground Station Tracking

In developing a tracking approach for a portable optical
ground station, there are several gaps in the current
approaches. While most existing tracking i1s based on an
open-loop trajectory of angle commands, this forces a reli-
ance on the internal controller of the amateur telescope,
which can have large overshoot or other deficiencies. Con-
versely, the mventive approach generates open-loop com-
mands based on differentiating the pointing model combined
with known orbital elements to generate rate commands.

The standard approach to closed-loop tracking 1s a series
of angular corrections. However, this does not fully utilize
the model of the observation. Instead, inventive approaches
can 1ncorporate these measurements 1nto a tracking filter that
includes orbital elements and pointing model terms 1n the
state.

Small satellites commonly rely on publicly-available
TLEs for orbit determination, but these can suiler from large
error for LEO satellites. These errors are large enough to be
a dominant source of tracking error, but 1t has been repeat-
edly observed that the error 1s predominately confined to the
in-track component. For the duration of a <10 minute pass,
the orbital dynamics can be simplified to the two-body
problem, and the itial position and velocity are supplied by
a TLE or other source of orbital elements.

While for professional telescopes it may be appropriate to
assume pointing model terms are fixed after calibration, for
portable amateur telescopes the environment 1s not as con-
trolled. Therefore, inventive approaches may include terms
from the poimnting model in the tracking filter to enable
real-time updates.

Portable Optical Ground Stations for Satellite Lasercom

This section discloses a portable optical ground station
suitable laser-based communications with a satellite in LEO.
The ground station can use different amateur telescopes and
sensors. The point design disclosed below and shown 1n
FIG. 14 1s tailored to the requirements of the NODE project,
specifically the size of the aperture and the 1550 nm down-
link wavelength. However, the approach of using a star
camera for rapid alignment as well as the supporting point-
ing and tracking algorithms are generalizable to any two-
axis telescope/mount.

FIG. 14 shows a block diagram of a portable optical
ground station 1400 that may weigh less than 50 kg and cost




US 9,991,958 B2

19

less than $25,000 to build. The ground station 1400 includes
a tracking assembly 1402 and a recerver assembly 1404. The
tracking assembly 1410 includes an amateur telescope 1410
mounted on a two-axis gimbal mount 1420 (e.g., an altazi-
muth or equatorial mount). The telescope 1410 may have an
aperture of up to and including 1 meter (e.g., 6 inches, 12
inches, 50 cm, 55 cm, etc.). A star camera 1430 1s attached
to the telescope 1410. Incremental angle encoders 1422
coupled to the gimbal mount 1420 measure the relative
changes 1n angle of the gimbal mount 1420 about the two
axes. For instance, 11 the gimbal mount 1420 1s an altazimuth
mount, the incremental encoders 1422 may include a first
incremental encoder that measures relative change in azi-
muth and a second incremental encoder that measures
relative change in altitude.

A processor 1440 (e.g., in a laptop personal computer
(PC)) 1s used to drive the gimbal mount 1420. During the
alignment calibration process, the processor 1440 processes
images irom the star camera 1430. The processor 1440
receives encoder feedback from the incremental encoders
1422 and provides rate commands to the gimbal mount 1420
during tracking of the satellite.

The receiver assembly 1404 1s behind the telescope 1410
and implements fine pointing. The recerver assembly 1404
includes a tracking camera 1470 and an avalanche photo-
diode (APD) recerver 1480 1n optical communication with
the eyepiece of the telescope 1410 via a fast-steering mirror
(FSM) 1450 and a beam splitter 1460. In operation, the
processor 1440 provides digital tip/tilt commands, which are
converted to analog voltage to drive the FSM 1450. The
beam splitter 1460 splits the downlink signal received by the
telescope 1410 between the tracking camera 1470 and the
APD receiver 1480. Feedback from the tracking camera
14770 1s processed by the processor 1440 to provide steering
commands to the FSM 1450.

The processor 1440 does not necessarily receive commu-
nications data. Rather, the processor 1440 uses power mea-
surements from the APD receiver 1480 to align the tracking
camera 1470 with the signal source (e.g., a LEO satellite)
and ensure the FSM 14350 1s steering peak signal onto the

APD recerver 1480. (The ground station 1400 may also
include a beacon uplink (not shown)).

The portable ground station 1400 weighs 50 kg or less
(e.g., 10, 20, 30, or 40 kg) and can therefore be carried by
one to two people. The portable ground station 1400 can be
set up and calibrated within an hour with a blind pointing
accuracy of 180 arcseconds RMS or less (e.g., 150, 123, 100,
75, 50, 25, or 10 arcseconds RMS). A one-hour setup time
allows the telescope 1410 to be deployed and repacked 1n a
single mght. The blind pointing accuracy 1s based on the
FOV of the receiver assembly 1404. The telescope 1410
should point accurately enough that the tracking detector
1470 can see the target to provide closed-loop feedback. The
receiver assembly 1404 can be implemented with a FOV for
the tracking detector 1470 of about £500 arcseconds. The
blind pointing accuracy 1s chosen to leave enough margin to
ensure the target 1s seen.

FIG. 15 1s a photograph of an implementation of the
ground station 1400 shown in FIG. 14. In this case, the
amateur telescope 1410 1s the Celestron CPC1100. The
telescope 1410 1s shown on the roof of MIT Building 37 in
FIG. 15. The telescope 1410 has an 11" (28 cm) aperture and
1s 1n a Schmidt-Cassegrain configuration. The telescope
1410 has a focal ratio of 1/10, corresponding with a field of
view of 0.6 degrees. Mounted to the telescope 1410 1s an
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iNova PLB-Mx2 camera used as a star tracker 1430. A 35
mm focal length lens 1s paired with the camera, resulting in
a FOV of 7.8x3.9 degrees.

FIG. 16 shows a block diagram of the receiver assembly
1404 with example hardware 1dentified. There are two sets
of sensors depending on the downlink wavelength. Silicon
detectors work in the visible up to about 1000 nm, and

beyond that InGaAs detectors are used, e.g., for 1550 nm
downlinks.

In the example of FIG. 16, the FSM 1450 1s an Optics In
Motion 1" mirror with a throw of £1.5 degrees. The band-
width 1s >850 Hz with an angular resolution better than 2
urad, and actuation 1s done with voice coils. The receiver
1480 1s a Voxtel RDCI1-NJAF APD. This APD has a 200
micron sensor and a bandwidth of 300 MHz. This receiver
has low noise and high bandwidth. The IR tracking camera
1470 1s a Sensors Unlimited Micro SWIR 640CSX. It 1s an
InGaAs camera with 640x512 pixels with a 12.5-micron
pitch, resulting 1n an 8.0x6.4 mm active area. The camera
was selected for 1ts high sensitivity and full-frame readout
rate of 30 Hz.

The hardware 1s mounted to the telescope on an optical
breadboard, shown in FIG. 17. The components in this
assembly match the block diagram from FIG. 16. The FSM
1s mounted along the boresight of the telescope at a 45-de-
ogree angle which brings the signal into the plane of the
optical breadboard. The beam splitter divides the signal
between the tracking camera and APD.

In this example, there are no collimating optics, and the
tracking camera and APD are placed at the focus of the
telescope. This reduces the number of components, but 1t
also limits the FOV of the system. Other example may
include collimating or other optics and as a result have
higher FOVs. The mass and mass distribution of the back-
end assembly may be selected to avoid imbalancing the
telescope.

The mount, star camera, FSM, and tracking camera are
controlled from the laptop. A graphical user interface devel-
oped 1 Visual Studio 1s used to execute all ground station
activity and the software 1s implemented 1n a combination of
C, C++, and CH#.

Ground Station Pointing and Tracking

FIGS. 18A and 18B 1illustrate aspects of pointing a ground
station at a satellite and tracking the satellite with the ground
station. The alignment calibration can be divided into two
levels: coarse calibration and fine calibration. In coarse
alignment calibration, the processor calculates the alignment
quaternions without any prior information. The result 1s used
as an 1mitial value for the fine alignment calibration
described below.

FIG. 18A 1s a schematic diagram that shows Cartesian
coordinates 1n the frames of reference for the telescope
1410, gimbals 1420, and star camera 1430. These frames of
references can be related to each other using i1mages
acquired with the telescope and star camera and readings
from the (incremental) encoders (not shown) on the gimbal
mount. The Y-axis of the gimbal frame 1s defined as the
rotation axis of the azimuth (Az1) motor when the telescope
1s mitialized. Likewise, the X-axis 1s defined as the rotation
axis of the altitude (Alt) motor when initialized. These
correspond to zero Azi/Alt angles. The Z-axis of the gimbal
frame 1s defined by the cross product of the X-axis and
Y-axis. The telescope frame 1s mitially aligned with the
gimbal frame and 1s fixed to the telescope through Azi/Alt
rotation. The Z-axis of the camera frame 1s defined by the
LOS of the star camera and the X and Y axes are the star
camera’s lateral and vertical directions. These frames are
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described 1n greater detail below and can be related to the
satellite position using an Earth-centered inertial (ECI)
frame, an Earth-centered Earth-fixed (ECEF) frame, and the
time (e.g., 1n coordinated umversal time) and appropriate
models for translating between the ECI and ECEF frames.

FIG. 18B shows a process 1800 for calibrating the refer-
ence frames shown 1n FIG. 18A and discussed in greater
detail below, pointing the ground station at a satellite based
on the calibrated reference frames, and tracking the satellite
with the ground station. The process 1800 includes using the
wide field of view star camera 1430 to determine the ground
station’s orientation with respect to an (Earth-centered)
inertial frame. Star cameras are accurate to the arcsecond
level, and they have the advantage of providing orientation
with a single measurement.

In step 1802 of the process 1800, the star camera makes
multiple star sensor measurements at different gimbal
angles. In step 1804, the processor determines the star
camera alignment with respect to the ECI frame using one
or more of the star camera 1images. By matching the pattern
of stars captured by the star camera, the processor can
calculate the onentation of the star camera frame with
respect to an ECI frame, such as J2000, at the image capture
time. By taking multiple images over the sky, it 1s possible
to calculate the alignment between the telescope frame and
ECEF frame as well as the alignment between telescope and
the star camera. More details are described below.

Star 1dentification has been extensively researched for
decades and a large number of processes have been pro-
posed, each with different advantages. For example, the
ground station processor may implement a correlation-based
star pattern matching process. Correlation can be disadvan-
tageous 1n terms of processing time since it calculates an
exponential function for the matching-scores. However, 1t
provides additional robustness with respect to the star center
position error. While computation time may be a concern for
spacecrait with limited resources, 1t 1s suitable for a system
with a 2.7 GHz CPU as a processing unit, and the additional
robustness 1s advantageous given that the star camera 1s an
uncalibrated with a COTS lens.

The identification process matches the star pattern to a
star catalog, such as SKY 2000, and gives the corresponding
star vectors 1n the J2000 tframe. More specifically, the star
catalog may include stars with brightnesses of 5.5 Mv and
up. For the final calibration, the processor may use 1mages
that have a mmimum number of stars that meet a certain
criterion, €.g, at least six stars 1identified with a good “score.”
The exact numbers and types of stars may vary depending on
the desired tradeoil based on search time through the star
catalog, star identification process, and certainty of identi-
tying each star correctly. Since the star vectors are deter-
mined 1n the camera frame, the processor can calculate the
attitude quaternion of the star camera frame with respect to
the J2000 {frame using the QUaternion ESTimation
(QUEST) algorithm, which can also be used for spacecrait
attitude determination from vector measurements.

In step 1806, the processor computes the alignment of the
ECI frame with respect to the ECEF frame using the
measurement time (e.g., mm UTC time). In step 1808, the
processor determines the alignment of the gimbals 1n the
ECEF frame and the alignment of the star sensor in the
gimbal frame using the star camera 1images and the encoder
readings for the star camera images. Once the alignment 1s
obtained, satellite tracking can be achieved easily with a
known orbit and precise Earth rotation model such as the
International Earth Rotation and Reference System Service

(IERS).
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Another 1ssue for the initial alignment 1s obtaining the
alignment between star camera and the actual line-of-sight
(LOS) of the telescope. The telescope mount 1nitializes 1ts
azimuth (Az1) and Altitude (Alt) angle as zero every time 1t
1s turned on, so the actual LOS 1s unknown to the telescope
frame. Therefore, the processor calculates the LOS of the
telescope frame every time the ground station 1s set up. To
obtain the LOS, another astronomy camera, ¢.g., the Orion
StarShoot USB Eyepiece 11, captures an image through the
telescope (step 1810). The processor uses this image and a
star camera i1mage taken at the same gimbal angles to
determine the LOS (step 1812).

The star camera to telescope LOS could be calculated
autonomously 1f 1images of star patterns could be taken with
the eyepiece camera, but the FOV 1s usually too narrow for
this to be practical. The focal length of the CPC 1100 1s 2.8
m and the detector size of the eyepiece camera 1s 3.8
mmx2.9 mm, so the FOV 1s 0.078 degx0.039 deg or 282
arcsecx212 arcsec.

It can be hard to capture a star within this narrow field of
view with unknown mount angles. Therefore, the telescope
can be pointed manually or commanded to point at a distant,
fixed light source 1n the sky or on the ground with the
eyepiece camera. Taking a picture of this light source with
the star camera and calculating the LOS vector 1n the camera
frame vyields the desired alignment.

With expected satellite coordinates in the ECI frame, the
processor computes the desired pointing angle from the
alignments among the various frames of reference and
commands the gimbal mount accordingly. The ground sta-
tion points at the satellite (step 1820), acquires 1t, and tracks
it (step 1830) possibly using a beacon or additional images
acquired with the star camera, an infrared (IR) camera, or
other sensor as described below.

Ground Station Pointing Derivation

This section covers the derivation of the pointing calibra-
tion process and how it relates to professional telescope
control software. The calibration process 1s based on a
quaternion formulation that uses nonlinear least squares to
estimate error terms in the pointing model. The reference
frames and the quaternion notation are defined first, fol-
lowed by the derivation.

Quaternion Convention

The following convention for the error quaternion 1s used
throughout this work. The current estimate of the quaternion
has an error of 0q such that the true quaternion 1s given by:

7=6¢9 g (1)

where q i1s the quaternion estimate.
The quaternion vector and scalar components are repre-
sented as:

(2)

With this convention, multiplication of quaternion p by
quaternion ( 1s given by:

pQ+qP —PX(Q (3)

poG=
pg—P-Q

Finally, the notation for the direction cosine matrix cor-
responding to a quaternion 1s A(q), which can be calculated

by:
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G +05—- 01— 05 2Q001 +90Q,) 20002 -4g0Q) | @B
Al =| 200001 -90Q,) g -Qi+Q1-05 20102 +gQ,)
| 2AQ0Q2+qQ;) 200102 -49Q,) ¢ -0Q5-0Qf +05

Reference Frames

FIG. 18A shows some of the reference frames used to
align and calibrate the telescope for pointing at the satellite
and tracking the satellite. These reference frames include an

The J2K or J2000 frame 1s an Earth-centered inertial
(ECI) frame. The fundamental plane of this frame 1s the
equator, and the X axis points towards the vernal equinox.
The Z axis points through the North Pole, and the Y axis
forms a right-handed set 90 degrees east of the X axis. These

directions are fixed with the mean equator and equinox at

12:00 Terrestrial Time on Jan. 1, 2000.

The East-North-Up (ENU) frame provides local horizon-
tal coordinates. It 1s centered at the telescope site. The X axis
1s defined as north, the Y axis as east, and the Z axis forms
a right-handed set towards zenith. The transformation from
the J2K frame to the ENU frame changes constantly as the

carth rotates. (The ENU frame 1s two rotations from the
Earth-Centered Earth-Fixed (ECEF) as explained here:

http://navipedia.net/index.php/ Transformations_be-

tween ECEF and ENU coordinates. These two rotations

can be combined into a single rotation by multiplying them
together.)

The mount (MNT) frame 1s the reference frame centered
on the gimbal mount. The Y axis 1s defined by the azimuth
gimbal rotation axis at time t,. The Z axis 1s defined as the
cross product between the altitude and azimuth gimbal axes
at time t,. The X axis forms a right-handed set.

The gimbaled (GIM) frame 1s the mount frame rotated
through gimbal azimuth 1, and altitude a.,,,, as read by the

encoders. Note that the models accounts for nonperpendicu-
larity between the azimuth and altitude axes of the gimbals.

The nominal telescope (TNOM or TEL) frame 1s the
gimbaled frame rotated to align with the observed telescope
frame assuming no vertical deflection. The X axis 1s the
horizontal direction of the tracking detector behind the
telescope. The Y axis 1s the vertical direction of the tracking
detector behind the undetlected telescope. The Z axis 1s the
undeflected telescope boresight.

The observed telescope (TOBS) frame 1s the nominal
telescope frame rotated through vertical deflection. The X
axis 1s defined by the horizontal direction in the tracking
detector behind the telescope. The Y axis 1s defined by the
vertical direction 1n the tracking detector behind the tele-
scope. The 7Z axis 1s defined by the tracking detector
boresight, which 1s assumed to be perpendicular to the focal
plane.

The star tracker (ST or CAM) frame 1s the frame of
reference centered on the star tracker. The X axis 1s defined
by the horizontal direction in the tracking detector behind
the telescope. The Y axis 1s defined by the vertical direction
in the tracking detector behind the telescope. The Z axis 1s
defined by the tracking detector boresight, which 1s assumed
to be perpendicular to the focal plane.

Inter-Camera Alignment
Measurements are split into two sets which have diflerent

aims. In the first set ol measurements, the goal 1s to estimate
the rotation from the observed telescope frame to the star
tracker frame, °

'Q70ons bY simultaneously imaging a distant
source 1n the star tracker and the tracking detector. The
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second set of measurements includes a series of star tracker
images which are used to calibrate the remaining parameters
of telescope alignment.

The mapping between the star tracker and the tracking
detector behind the telescope 1s determined first. A distant
source (e.g., a bright light or star) 1s 1maged 1n each of the
corners of the tracking detector and also captured with the
star tracker. The 1mages from the star tracker and tracking
detector yield vector measurements of the source in the
respective camera frames, r and r

LR & Lya'sd TGBS

o7
These measurements are refated by:

(3)

*!qQ,05< can be estimated using

_ 5T
sr.:':l srel
ST A( TGBS) TORS

With these measurements,
QUEST.

Star Tracker Images

Once the inter-camera alignment has been determined,
additional calibration parameters can be determined by
taking star tracker images at intervals throughout the entire
sky. The model for these measurements and the calibration
parameters are described 1n this section using the reference
frames defined above.

The unit vector locations of the stars are assumed to be
known 1n the J2K frame (1.e., assume precession, nutation,
aberration, etc. are accounted for) and the star tracker image
quaternion 1s assumed to be corrected for refraction. Each
star tracker 1image yields a quaternion rotation between the
J2K frame and the star tracker frame, ~’q . .

The i’ star tracker measurement is given by:

ST TOBS TNOM
l?m® QTQBS® L?WQMI® d Gias

- @ mNT X Evy

QJQK ;

@ GIAL (6)

rNTi - JeENT JIRE i

where q,, ; 1s the star tracker measurement noise.

The rotation between the camera frames, “7q o re 1S
known from the calculation above. The rotation from the
J2K to ENU frame, “¥“q,, x.» can be calculated using the
International Earth Rotatlon and Reference Systems Service
(IERS) model. The other rotations each contain unknown
calibration parameters which will be defined.

The rotation from the ENU iframe to the mount
frame, *** .., 18 unknown and should be estimated fully.
The rotation from the mount frame to the gimbaled frame 1s
given by a rotation through the known azimuth and altitude
gimbal angles, Weim. and o which can be read out from

peg eI

the encoders. Sphttlng the rotation 1into azimuth and altitude:

i qwﬂz qaff,,l @ QJEI?I (7)

The azimuth rotation 1s simply given by:

0 ] (8)

Sin(lﬂgim,i /2)
Qazii = 0

i Cos(wgim,i /2) |

The altitude rotation 1s complicated by allowing for
nonperpendicularity of the gimbal rotation axes. The non-
perpendicularity 1s described by a rotation angle 0, 1n the
XY plane of the mount frame (refer to definition). With the
parameter 0,, to be estimated, the rotation through the
altitude gimbal 1s given by:

Cos(Oyp)SIn(@gm i /2) (9)
sIn(Oyp)Sin( i i / 2)
0

COs (afgim,i / 2)

Halt,i =




US 9,991,958 B2

25

Equations 7-9 define the rotation from the mount frame to
the gimbaled frame, which contains one unknown, 0,..

The next rotation 1s from the gimbaled frame to the
nominal telescope frame, *~“*q,, This rotation accounts
for the fact that the telescope boresight and detector axes do
not have to be aligned with the gimbal rotation axes. It 1s
particularly relevant to account for this unknown for a
telescope with incremental encoders (1.e., the zero position
of the telescope 1s arbitrary upon startup). This rotation 1s
unknown and should be estimated fully.

The rotation from the nominal telescope frame to the
observed frame 1s given by a vertical detlection related to
Hooke’s Law and represented by an unknown vertical
detlection coethicient, a .. For notational simplicity, a term ¢,
1s introduced. This ¢ , term that 1s the cosine of the elevation

angle of the telescope boresight and 1s related to the state by:

-32“1% (10)

A M gpny | 0] 0

Furthermore, the term v, represents the axis about which
vertical deflection occurs defined in the nomainal telescope

frame. It 1s given by the normalized cross product of the
telescope boresight and the vertical:

(11)

ACM gevu )

-
|

AUNOM genvy i)

_'\lh\'

—_ 0 = O O
JI

—_ 2 ) = O O

With these terms defined, the rotation from the nominal
telescope frame to the observed frame 1s described by:

TOBS sin(lagcy;/2)Va, ] (12)
dTNOM,i =

cos(aqcqi/2)

In summary, the unknowns that must be estimated from
star tracker images are ' Qrnrrs Onms Qg and a .
This results in a total of 8 unknown parameters, plus 3
unknown parameters from inter-camera alignment, resulting
in a total of 11 unknowns 1n the overall model.

The relationship between these parameters and the param-
cters 1n TPOIN'T software (as described above) are shown 1n

TABLE 2 (below). The proposed parameters encompass
those from the condensed TPOINT model. One additional
degree of freedom is included in the *“*

Jer term, which
accounts for a rotation of the camera behind the telescope.

TABLE 2

Summary of pomnting model parameters proposed in this
work and how they relate to corresponding TPOINT terms.
The proposed pomting model covers the same degrees of
freedom as 1n Wallace plus one additional term.

Proposed TPOINT
Parameter Parameter(s) Description
MNL g AW, AN, IA Orientation of mount relative to local

horizontal
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TABLE 2-continued

Summary of pointing model parameters proposed in this
work and how they relate to corresponding TPOINT terms.
The proposed pointing model covers the same degrees of
freedom as in Wallace plus one additional term.

Proposed TPOINT

Parameter Parameter(s) Description

Onp NP Altitude/azimuth gimbal
nonperpendicularity

INOMg s 3, CA Orientation of telescope relative to gimbal
frame

L, VD Vertical deflection

Coarse calibration provides an initial state estimate for
fine calibration. For coarse calibration, consider the follow-
ing assumptions. Measurement noise 1s 1gnored, vertical
deflection 1s 1gnored (i.e., the deflection coeflicient o, 1s
assumed to be zero), and the rotation axis nonperpendicu-
larity 0,,»1s assumed to be zero such that GIMqWT:. 1s known
from the encoder output. With these assumptions, the

I

remaining unknowns in Eq. 6 are “VYq.,, and Qe n
which must be estimated.
For notational simplicity, define:
Y et @ qrons, ® 1k, ® ks (13)

An i and i measurement can be used to estimate

oMy . with the following:

TOBS ®TOBS -1 _ TNOM

GENU GENU,j = (14)

gciv @ M GMNT, @ MNTQENU @

TNOM CGIM MNT —1
( goivi @ gunT.i @ GENU )

_ TNOM GIM GIM 1
= ot @ GuNT,i @ Guint -+ ©

TNOM —1
G
-« TNOM 1GIM
. A( QG.’M) 0 GV —1
= 0 | GUMNT,i @ GuNT

With QUEST, a set ol measurements can be used to estimate
INOM

O
Uomr

Similarly, **%q,..., can be estimated given an i”* and i
measurement with the following:

_ -1
TOBS (=1 @TOBS ;o = (TNOM g @ GIM @ MVT ) @ (15)

YENU i
TNOM GIM MNT
gciv @ gMNT,j @ GENU

_ MNT -1 GIM —1 GIM
= Genu @ Gunti Q@ GuNT,; @

MNT

GENU
- MNT 1 1GIM
A dENU 0 —1 GIM

= ) | GunT; @ GMNT, ]

With these coarse estimates, 1t 1s possible to proceed to
fine calibration.

Fine calibration uses a least squares approach with the
initial state supplied by coarse calibration. There are 8
unknown parameters to be estimated. The error state 1s given

by:
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0dy (16)
NOM 505,

08np

M SQEvy

0xX =

The star tracker measurement follows Eq. 6, which 1s
combined with Eq. 1 to calculate the error quaternion. The
error quaternion can be broken mto components as follows:

TOBS (17)

STCSQM{,:‘ = dn,i ®" grops ® (0g @ Pryvop; -+ ®

oM (0@ D @ i (0g ® @)MNT,E @
MNT((S@@Q)ENU L. ®
ENU 42K 7 ® (STQTGBS ® TOBS@TNGM}{ L® TNOM @G,’M ®

GIM MNT ENU -1
GuNT.i @ geny @7 T qurki)

TOBS

AC grogs) 0
= Gn,i @ OgTnoM i +-- @
0 1
i . \TNOM
AP vom,;) U
Sgcmg --- @
0 .
i A(TN{?M @T!M) 0 1GIM
OguNT --- @
0 1
A gy 01T
OgENU
0 1

The vector portion of the error quaternion 1s then approxi-
mated as:

TOBS

TS50k~ Qui +AC gros)  SQrvomi -+ (13)
R TNOM
A(TOBSQTNGM,E) oQcm ... +
. GIM . MNT
A(STQG,!M?.{) OQunT,i + A(STQ’MNT?;) OQENU

From Eq. 18, “Y*3Q .,,, and ***8Q,..,, are state com-
ponents, but ““?°0Q,nons; and “M3Q, v, should be
related back to the state components.

First, “*8Q, 7, 1s related back to the state components.
Equations 7-9 describe the rotation between the mount
frame and the gimbaled frame. The azimuth gimbal rotation
at the i” measurement is represented by 1 » Which 1s

equivalent to q,,,; in Eq. 8. The rotation of the altitude
gimbal at the i measurement can be represented (equiva-
lently to Eqg. 9) as:

Algnp) 0O
0 1

(19)

Salt,i = [ ]lei

where q,p and q,, ; are given by

0 ] (20)
0
—s1n(fnp / 2)
| cos(Oyp/2) |

Unp =
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-continued
[ SIN(@gimi/2) ] (21)

0
0

coS(Wgim,i / 2)

g2, =

Following the form of Eq. 2 vields the following rela-

o tionship for the error quaternion from the mount to the
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gimbaled frame:

GiM ~—1

9 MNT. i (22)

GIM CSQMNT,;' = G YMNT.i X
R ~ —1
= dgnp RGnp @gg2,i @ (0gnp & QNP) OqgLi - @
(qNP X Gg2.i X dnp ® le,f)
) 1 o Al
= 0gNp ® Gy ; ® 5Q’N}ﬂ ® Gt

 AGar) O

= Ognp @ Sg
0 L NP

The vector portion of the error quaternion from Eqg. 22 can
be approximated as:

GIM&QMTJH(IEHB—A(éﬂfrﬁi))aQNP (23)

Finally, 0q,,» should be related to 80,,, from the state.
This relationship 1s given by:

Sgnp = gnp @ fnp (24)
0
0
= cmsgﬂsinéﬂ — 's.inl%—jm«:crséﬂ
2 2 2 2
cmsgﬂmséﬂ — Singﬁ'&;i]:léﬂ
2 2 2 2
0
0
T =60up /2
1

Combining this result with Eq. 23 yields the overall
approximation:

| 0 (25)
G"MchMNT,j ~ —5(13}{3 — A(@a.{r,i)) 0" |00np

Returning to Eq. 18, it is possible to relate *““*8Q ony,
to the state components. Equations 10-12 describe the rota-
tion from the nominal telescope frame to the observed
telescope frame. Following the form of Eq. 2 yields the
following relation for the error quaternion from the nominal
to observed telescope frame at the i’ measurement:

TOBS »—1

TOBS
YTNOM i

(26)

TOBS
OgTNOM .| = grvom ;i @
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-continued

— 1 ]
Slﬂ(z(af + (Sﬂd)(gf’j + (SCd’j)]({}f’j + (Sb’d’;)

Il
®

|
CDS(E(EIJ{ 4+ C‘iﬂd)(af,j 4+ (5(?(1,;)]

_ | lh A h _
—Sln(zﬂfﬂ'f,;]‘p’f,j

1
cms(iaf&"‘?f,;)

The vector component of this quaternion multiplication
becomes:

1 1 27
"% 50 mvom,i = —Cﬂﬂ(z(af +0ag)(Cr; + 5Cd,5)]5i"(§afﬁf,i)ﬁf,i .ot =D

| 1
CDS(EafE'fpj)Sin(E(af + (Sﬂd)(E'fJ' + ﬁcd,f))(i}f’f + (Svaf’j) e T

1 1
Siﬂ(zﬁf&f’j]ﬁiﬂ(i (@5 +6ag)(Cr; + 5%,5)]5%,5 XV

Using a trigonometric expansion, small angle approxima-
tion for trigonometric functions of 0a,; and oc,,, and ignor-
ing second order terms yields:

Cr.i (28)
— T»}f’j(‘iﬂd +

TOBS
OQ0TNOM . = 5

by Lo ol
a5 VEiOCqi ...+ (Eﬂlﬂ(ﬂfff,i) — Slﬂz(iﬂfff,i]v?,i]ﬁvd,i

While 0a; 1s a component of the state, oc;, and ov,,
should be related to the state. Looking first at oc;, gives:

CSC'd?,_' = Cd,i — E‘f?,_' (29)
1
/ / O [0 VA2
=1 =A™ (Sq @ §)eny )| O ||| © -
L W\ | 1 4/ L 1 4/
1
/ I O [0V 2
1 — A(TNGM'%E}\JU?E) 0 10
g X I 1 4/ L 1 47
To first order, this can be approximated by:
(30)
CSCdJ ~
1
_ L o 1215
1 Axn (TNGM qE;}»’U,E) +2As (TN[}‘M QE;UFE)(TNGM SqENU.D), e — )

A1
9 Agz(TNoM qENw)(TN{}M Sqenu i),

[1 _ Agg(TN{}M @%{U?E)Z]E

where the subscript A, denotes the i”” row and i column of

the matrix and the subscript (8q), denotes the i” vector
clement.

Performing a Maclaurin expansion of Eq. 30 to first order
provides an approximation relating dc;, to “Y**0Q ., as
follows:

10

15

20

25

30

35

40

45

50

55

60

65

30

Scai = Ve "M 5Qevy (31)

- 2A43(™M gy A (MM apny) (32)

1
(l — Aasg (TNOM @Eﬁ;upf)z) :

—2A3) (TNGM @,E;JU,E )A?ﬁ (TNGM @;:flw ,:‘)

(1 — Ass (TNGM @’;;ifu,f)z) g

0

where v_; 1s introduced for notational simplicity.
Finally, note that “Y“*8Q ., is related to the state by:

TNOM Oevu.~ INOMY Oentd (ﬂm 4 Grar) MY

v - - - 4 (WGMf?MT,i)WIBQENU (33)

Combined with Equations 25 and 31, this approximates the
relationship between 0c,, and the state.

Similarly, ov,, 1s related to the state:
(S'V‘d?,_' = Vdi— {:’f?f (34)

(

A(NOM(5q @ DEny.i)

\
(

AUNOM (5 @ @) gy ;)

—_ 2 2| = O O
] L-_ |
—_ 0 | O D

,_

—_ O D= O O
<

— O O O O

For notational simplicity, let A ; refer to A, (" Q).
Multiplying out the terms of this equation and doing a first
order Maclaurin expansion yields the approximation:

6"’5,:‘“% INOM QENLZ;‘ (35)
- 2
2A33(Al; + A%) - (36)
2A23A3; 2A13A23A33 —2A13
3 3 1

(Af; + A33)2 (A3 + A33)2 (Af; + A33)2

C 2
M; = 2A33(AT, + A53) —
2A13A23A33 2/4'1314'%3 —2/5123
3 3 1
(Af; + A33)2 (A3 + A33)2 (A3 + A33)2
0 0 0

where M, 1s introduced for notational simplicity. Combining
this with Equations 33 and 25 completes the relationship
between 0v,; and the state.

Overall, combining Equations 18, 25, 28, 31, 33, 35, and
36 yields a linearization of the form:

>1H Orr:—H ;0X + . (37)

where H. 1s a matrix of partial derivatives, 0x; i1s the state
correction. The matrix H, 1s composed of:
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" 5Q k. (38)

IMNTSQEny

8> 5Q 0k
350ur

3> 5Q k.
BTNOM 50 s

3> 5Q 1ok

H; =
J (Sﬂd

Equations 18, 25, 28, 31, 33, 35, 36 and some algebra yields
the following approximations for the partial derivatives:

3> 8Q 2k Cf:A (3%)
Joa,  ~ 2 " groBs a,
3" 8Q 2. AT (40)
5 TNOM (SQG,’M ~ ( dTvoM 1) T
ST _Afﬂ T L. of 1. Y _
A("" groBs) ---- o VdiVeit Esm(ﬂdcd,i)_ﬂﬂ 5 ddCd|Va, M,;
aST(SQJZKI L[ ST A ST (41)
350, S 73 AT gepy i) + AT gross)
adA 1 . A A . 1.& A AX
[7 vd?;vii e +(§s1n(adcd?5) — 51112(5%6,11?;]%’5]&15}
-
A(TN{}M@G!M)} . (B3x3 = A(G gy ;)| O
1]
aSTﬁQJZK,z ~ A ST ~ (42)
AMNT SO nro " Guwr,i) +
a T | oL o Y
AC qmgg) diVej - +(§Slﬂ(ﬂdﬂ'd?5)—81ﬂ (Eaded?;]vdpj)ﬂf;
(TN{}M QMNTIJ

Combining multiple measurements makes 1t possible to
do an 1terative nonlinear least squares process. For n mea-
surements, the measurement errors are related to state errors
as:

00k | [HL Ol ] (45)
' | o +]|
] ST(SQJZK?” | i Hn | i Qn,n |
This equation 1s of the form:
8y, =Hx+ 0 (44)
—

where k 1s the 1teration number and the covariance of o 1s
a diagonal matrix R which corresponds with the measure-
ment noise covariance. Using iterative least squares, the
state update 1s given by:
S, =(H'R'ENV 'H 'R oy, (45)

The quaternions “~“*q s, and **q,y,, are updated with a

quaternion product and the state components 6., and af are
updated additively. Iterations continue until the estimate
converges.

Main Camera Images

The pointing model and the calibration parameters pro-
vide have a framework for representing images from the
main camera behind the telescope. With this measurement
model, 1t 1s possible to determine how to provide angle
inputs to the mount to look at a desired target.
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Letr

ontl be the unit pointing vector from the telescope to
the satellite in the J2K frame. This pointing vector 1s given

by:

(46)

rrargljzﬁ _ rgsljzﬁf

Pontl jop =

”rm.ﬁlj’ZK — rg.sljzﬁf”

where r,,,.,  1s the target in the J2K frame and r_,  1s the
ir. LK E5 2K

ground station in the J2K frame.

Let r,,, . be the desired vector to the target in the

observed telescope frame (e.g., the boresight vector, but the

object could be placed else on the detector). The relationship

between the pointing vector in the observed telescope frame

and the J2K frame 1s given by:

¥ ontlrops A (TGBSQ TNOM ® WGMQ GIM ® GIMQM’NT
& aant "-?ENU®EN q ¥ prtlpr (47)

The gimbal angles appear in both “““°q,non,, Which
describes the wvertical deflection of the telescope,
and “™q, - which executes the gimbal rotation. To sim-
plify, assume that ““?°q,...,., can be evaluated based on the
target azimuth and elevation, which can be determined from
Cr v LIS assumption essentially states that the vertical
deflection from the undetlected position 1s approximately the
same as the vertical deflection at the desired location. Since
for a reasonable telescope the deflection 1s less than a degree
in elevation and deflection 1s proportional to the cosine of
the elevation angle, this 1s justified.

This assumption allows the problem to be simplified

greatly. The gimbal angles only appear in the ““q,,rr
transformation, so the problem can be presented as:
FanIIGIM:A(GI MT) P”flﬂ@ff (48)

where Cpntl g and r,,, _are determined by multiplying the
appropriate transfennatlens.

Equation 48 provides three equations with a unit vector
constraint. Next, solve for the two unknowns azimuth
and altitude a.,,,,. Substituting Equations 7-9 into 48 yields
the desired gimbal angles.

Ground Station Tracking

As described above, most existing optical ground stations
and satellite tracking telescopes generate a series of prede-
termined angle commands for tracking a satellite or other
spacecrait. Closed-loop control is then executed by applying
angular corrections. Conversely, an inventive ground station
can use rate commands for improved tracking and estimat-
ing orbit and rate parameters with a real-time extended
Kalman filter.

Tracking a satellite involves calculating the gimbal angles
(e.g., azimuth (Az1) and altitude (Alt)) and the rate of each
gimbal. This section includes derivations for the analytical
solution for Azi and Alt as well as their rates for a given
position and velocity of a satellite, which 1s estimated from
the SGP4.

Open-Loop Rate Commands

A telescope gimbal 1n an mventive ground station 1is
naturally driven by rate. The telescope/mount system
responds to angle commands using an internal controller and
encoder feedback. (An amateur telescope user does not have
access to this controller, and the controller 1s not optimized
for trajectory tracking.) Instead of drniving the telescope/
mount system with angle commands, the ground station
processor drives the telescope mount with rate commands.

Thses open-loop rate commands can be generated by dii-
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terentiating Equation 48 (above) and using it to implicitly
solve for the azimuth v, ~and altitude o, gimbal rate

commands.

(Gimbal Angle Command
To pomnt the telescope at the satellite, the telescope’s
line-of-sight (LOS) unit vector in the camera frame should

be aligned with the unit pointing vector from the telescope
to the satellite 1n the ECI (e.g., 12K) frame. The telescope’s

LOS unit vector 1n the camera frame can be obtained by
manual calibration as described above. The umt pointing
vector from the telescope to a satellite in the ECI frame 1s
given by the normalized distance from the position of the
satellite and the position of the ground station i1n the ECI
frame. This condition 1s satisfied if the telescope LOS unit
vector equals the unit pointing vector transformed first from
the ECI frame to an Earth-centered-Earth-fixed (ECEF)
frame, then from the ECEF frame to the gimbal frame, from
the gimbal frame to the telescope frame, and from the
telescope frame to the camera frame. This transformation
yields a set of equations that can be solved analytically for
the Az1 and Alt angles.

(Gimbal Angle Rate Command

The Az1 and Alt rates can be derived from the time
derivative of the LOS vector 1n the telescope frame. Since
the telescope LOS 1s fixed 1n the telescope frame, the time
derivative of the LOS in the gimbal frame depends on the
time dertvative of the transformation (e.g., as expressed by
a direct cosine matrix) from the gimbal frame to the tele-
scope frame.

Gimbal Control Law

The CPC 1100 telescope 1s a commercial ofl the shelf
(COTS) amateur telescope that can be controlled with Azi
and Alt slew rates as mput commands. The telescope also
takes Azi/Alt or RA/DEC angle commands, but the Azi/Alt
angle command has very large overshoot and the RA/DEC
command can only be used after the built-in alignment
calibration. Since the dynamics of the gimbal mount are
unknown and there 1s no information about the internal
control loop, the commanded Azi and Alt rates obey a simple
control law:

1

c =2d o — 4y
Ze = L4 TS(Zd %)

ic:id+?(rd_ r)

&

where 7z, and t, are the desired Azi and Alt slew rates,
respectively; z, and t, are the desired Azi and Alt angles,
respectively; and z, and t, are the current Az1 and Alt angle
readings, respectively, from the encoders on the telescope
mount. T_ 1s the settling time for the error angle compensa-
tion, the value of which can be selected by trial-and-error
(e.g., to be 0.3 sec for the indoor test described below).

Closed-Loop Feedback Control and Rate Commands

If there 1s no error or noise in the telescope tracking,
teedback control 1sn’t necessary—rate commands based on
known orbital elements can provide open-loop tracking
capabilities. However, there are several error sources that
can occur 1n actual satellite tracking, so feeding back the
satellite’s position as measured by some sensing device to
the gimbals can counteract drift. For instance, once the target
1s acquired, a rate-based feedback controller can provide fine
guidance. Tracking can be improved even further by esti-
mating uncertainties in the orbit determination and mount
model.

10

15

20

25

30

35

40

45

50

55

60

65

34

Regarding orbit determination, there can be a large error
in the predicted position of the target satellite, particularly 1in
the in-track direction. Any timing error present 1n the mount
and control system may have a similar effect. Another source
of uncertainty 1s in the telescope alignment. While profes-
sional telescopes are 1 an environment that 1s controlled
enough to maintain a static alignment after calibration, the
same 1s not necessarily true of a rapidly deployed amateur
telescope. Rather than performing the calibration procedure
once and assuming it 15 maintained, an inventive ground
station can perform a continued estimation of some of the
mount alignment parameters described above.

For mstance, the ground station processor may implement
an extended Kalman filter that includes the satellite position
and velocity, as well as the quaternion rotation from the
ENU frame to the mount frame, **¥’q,.,. This rotation
captures any motion of the telescope base that would be a
likely candidate for pointing error. The state 1s given by:

(49)

i rrﬂrg|J2K ]

a"“'rarrljz.’f
MN

T
gENU |

Demonstration of a Portable Optical Ground Station

This section discloses the demonstration of an example
portable optical ground station at MIT STAR Lab. It details
the validation of the pointing approach, experiments on
satellite tracking, and 1n-lab testing of the receiver assembly.

Ground Station Pointing and Tracking

Ground station pointing and tracking tests were conducted
on the roof of MIT Building 37, first by imaging stars for
calibration and then tracking the International Space Station

(ISS) as a test of the telescope tracking capabilities.
The ISS was successtully tracked on May 26, 2016, from

07:14:00 to 07:21:31 UTC using feedback from the star
tracker. It was possible to use the star tracker for closed-loop
teedback because the ISS 1s a bright target at visible wave-
lengths. The FOV of the star tracker 1s 7.8x35.9 degrees, so
open-loop tracking was able to capture the ISS. The ISS as
seen from the star tracker 1s shown in circled 1 FIG. 19.

Using feedback from the star camera, the telescope could
lock on to the ISS to pull 1t within the 282x212 arcsecond
FOV of a camera behind the telescope. The ISS 1n the main
camera behind the telescope 1s shown i FIG. 20. (Star
tracker feedback may not be available 11 the target (e.g., a
satellite) retlects less sunlight than the ISS.) The star camera
used 1n this demonstration could not detect the shortwave
inirared wavelengths used for communication. But it was
used to improve the open-loop tracking so that the target
could be seen 1n the IR tracking camera behind the tele-
scope.

In the mnitial approach, six pointing terms were estimated
from star tracker 1mages and the overall pointing residual
error was up to 220 arcseconds. Each star tracker image
had overall star residuals of 10-20 arcseconds RMS. This 1s
a static error term that may combine with other tracking
errors, such as orbit determination error and mount control
error. In the successiul ISS tracking test, the initial open-
loop tracking error was 828 arcseconds. The field of view of
the camera coupled to the telescope in this demonstration
was on the order of £500 arcseconds. Bridging this open-
loop tracking gap ensures the satellite can be seen.
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Alignment Calibration Results

The first step of the ISS tracking was the alignment
calibration. The processor automatically planned the star
imaging schedule with diferent gimbal angles and executes
the alignment process. It rotated the telescope to 18 different
gimbal angles and captured images at each set of gimbal
angles with the star camera. Once 1t finished 1ts scan, 1t
calculated the alignment as described above. After the

calibration, two residual errors were used as accuracy met-
rics to evaluate performance.

The first metric was the residual error of the star vectors
in each star image. This provided an estimate of the accuracy
for each individual star camera image. Once an attitude
quaternion was calculated from the star vectors for a star
pattern 1mage, the processor could calculate the expected
position of the stars on the image. Then, the processor
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telescope and the gimbal mount were on a tripod, which
lacked the structural stability of standard ground stations.
Additionally, no housing was used for this test, and wind can
significantly perturb the telescope. It the load on each leg of
the tripod changed, the mount and floor would have been
deformed differently, causing the ECEF-to-gimbal quater-
nion to change. For diflerent Azi/Alt angles, the center of
gravity may have changed, causing potentially significant
SITor.

Another expected error source was timing error. The
ground station uses a Windows operating system rather than
a real-time operating system (RTOS). The time 1s synchro-
nized via the internet, so there can be errors up to 1 sec
resulting 1n an incorrect value for the ECI-to-ECER quater-
nion. However, this was not the dominant error source since
the Farth’s rotation rate 1s small at 15 arcsec/sec, whereas
the residual quaternion error goes up to 200 arcsec.

TABLE 3

Results from alignment calibration.

Z
O

L o= OO 00 ~1 S B LR

~
7

calculated the difference between the measured star vectors
and the expected star vectors.

The second metric was the residual of the attitude quater-
nions from the star images. This provided an estimate of the
global calibration accuracy. When the alignment calibration
was finished, the residual of the error quaternion was cal-

culated by the processor. TABLE 3 shows the alignment
results. In this ISS tracking test, 12 out of 18 star pattern
images were used for the calibration. The 6 1images rejected
for calibration did not have enough (<6) observed stars due
to clouds or other visual obstructions.

The root-mean-square (RMS) error of the star vectors 1s
10-20 arcsec within each image, which means the expected
attitude accuracy for each measurement 1s 10-20 arcsec (10)
in the cross-boresight direction, or X and Y axes of the star
camera frame. However, the residual quaternion errors 1n the
cross-boresight direction go up to 220 arcsec, which 1s
substantially more than the star vector residual RMS of
10-20 arcsec. The residual errors 1n the star camera frame are
the very close to the expected pointing errors 1n the telescope
frame since the LOS of the telescope 1s very close to the Z
axis of camera frame. Since the FOV of the telescope with
the eyepiece camera 1s 282 arcsecx212 arcsec, 1 the point-
ing error 1s more than 106 arcsec, the ISS will not be
captured on the eyepiece camera.

There are several sources of the large errors seen 1n the
global accuracy residuals. Without being bound by any
particular theory, sources of error include deformation of the
mount as well as the deformation of the non-rigid floor. The
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RMS Residual Residual Residual
residual star quaternion, quaternion, quaternion,

Azi Alt vector X-axis Y-axis Z-aX1s
(deg) (deg) (arcsec) (arcsec) (arcsec) (arcsec)
360.00 30.00 10.01 197.29 -10.45 -106.61
60.00 30.00 18.93 -100.51 —-147.90 —-206.55
180.00 30.00 22.75 -49.46 133.01 -9.29
288.00 43.75 12.63 73.83 68.71 2779.88
216.00 43.75 17.53 44.35 188.85 273.32
144.00 43.75 13.81 28.22 —-24.09 -7.773
72.00 43.75 11.16 19.18 -176.87 -204.96
360.00 43.75 14.95 198.05 -2.35 -70.39
360.00 57.50 10.55 221.94 29.81 -32.71
90.00 357.50 16.27 0.91 —-125.61 —-206.30
180.00 57.50 20.08 45.55 47.51 100.33
180.00 71.25 20.51 72.91 11.93 191.01

n/a n/a 16.28 113.99 104 .48 169.4

Regardless of the source, certain pointing error does exist
that goes up to 200 arcsec, which 1s much more than the half
of the FOV of 106 arcsec. This means that open-loop control
will not ensure that the ISS 1s captured by the telescope, so
we need feedback control of the ISS pointing vector to
enable tracking.

ISS Tracking Results

With the alignment calibrated, the ground station tracked
the ISS. Unlike 1n the case of alignment calibration, the
timing error during tracking caused large errors since the
satellite was moving at >7 km/sec. This error can be
compensated by closed-loop feedback control.

The star camera was used as the tracking sensor of the
ISS. In the optical ground station configuration, an IR
camera can be used to measure the relative pointing vector
to the satellite. However, for ease of testing, the star camera
was used to track the ISS 1n the visible wavelength region of
the electromagnetic spectrum. The star camera performed
initial alignment calibration, so 1t was not performing any
functions during the tracking. Thus 1t could be used in lieu
of an IR camera to test the approach using the star camera
for visible feedback.

The ISS vector update period was 3 to 4 sec. According,
to the iNova camera manual, the star camera can achieve 30
frames per second (Ips), but this was not possible with the
iNova SDK 1.2.4 in C#. The feedback frequency of ~0.3 Hz

was not high, but 1t was suflicient to capture the ISS in the
282 arcsecx212 arcsec FOV.
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During the test, the ground station recorded a video of the
ISS. FIG. 19 shows a screen capture of the video. The ISS
stayed 1n the screen most of time when the ground station
used the feedback control, although i1t was floating around on
the screen. The tloating motion was expected to be due to the
low feedback 1frequency. Other trackers, such as an IR

camera, may have a much higher feedback rate.
FIGS. 21 and 22 show the Azi/Alt angle profiles and the

control errors. The control error, shown i FIG. 22, 1s
defined as the diflerence between the commanded angles

and the angles measured from the telescope mount. It 1s not
a measure of true error, but rather how well the mount
tracked mput commands. The first feedback was applied at
117 sec after the tracking start, which appears as the first
huge peak on FIG. 22. The magnitude of the angle error at
the first feedback was 828 arcsec, which 1s the initial
open-loop pointing error. The first feedback time was 117
sec after the tracking start due to visual obstructions 1n the
FOV of the star camera.

FI1G. 23 shows the ISS tracking error during the tracking.
The error 1s the ofl-center distance of ISS 1mage center and
1s calculated from each frame of the video. The RMS error
through the tracking 1s 42.814 arcsec 1n X axis and 36.337
arcsec 1n Y axis, or 56.15 arcsec 1n total. This test result
shows that it 1s possible to track a satellite with an amateur
telescope.

Simulated Pointing Results

The pointing calibration process described above was
tested 1n a Matlab simulation. Twelve measurements were
simulated covering the hemispherical portion above 30
degrees elevation. Each measurement was simulated with
(Gaussian noise with a 20-arcsecond, 10 distribution, which
1s worse than what was seen experimentally from the star
tracker. In lieu of coarse calibration, large initial parameter
errors were inserted to ensure the fine calibration procedure
converges. TABLE 4 lists the parameters used 1n the simu-
lation.

Eight pointing terms were estimated. The nonlinear least
squares process converged within a few 1terations, as seen 1n
FIG. 24. The vertical deflection term and gimbal nonper-
pendiculanty terms converge even when coarsely estimated
as zero. The two quaternion rotations (1) between the gimbal
frame and the nominal telescope frame and (2) between the
mount frame and the east-north-up frame both converged
with coarse estimates on the order of 10 degrees error in
cach axis. These results indicate that the derivation above 1s
mathematically sound and that the linearizations are appro-
priate.

TABLE 4

Summary of simulation parameters for nonlinear least squares
telescope pointing calibration.

Parameter Value Initial Guess
MY Qe 0,690 _0.648 "
0.098 0.094
—0.195 —-0.197
- 0.690 | - 0.730 |
Onp 5° 0°
NOMY e _0.017" —0.030 "
0.035 0.059
0.009 —0.036
- 0.999 - 0.997
a; 0.05 0
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In-Lab Testing of the Receiver Assembly

The back-end of the telescope was assembled (see FIG.
18) and preliminary testing was conducted over-the-air with
the transmitter. Fine tracking software was developed prior
to this testing and itself tested 1n lab. A 1550 nm laser was
connected to a 2" collimator. The collimator was aligned
with the telescope across the lab, as shown 1n FIG. 25, and
the benchtop transmitter signal was launched into free space

from the collimator to the ground station assembly across
the lab.

Knowing which spot on the tracking camera corresponded
with peak power on the APD made executing fine tracking
casier. To find peak power on the APD, software executed by
the processor 1n the laptop scanned a grid across the entire
range of the FSM. At each step, the processor measured an
image centroid on the tracking camera and the power from
the APD was read with an oscilloscope connected to the
laptop.

After scanning through the full grid, the step size of the
FSM was halved and the grid was re-centered on the

maximum power point of the prior iteration. The 1terations
continued until the change in maximum power was less than

1%. This gave the location on the tracking camera that the
signal was steered to.

Having implemented the steering soitware, the ground
station was suiliciently developed to enable end-to-end
testing with the transmitter. This was accomplished by
successiully transmitting a signal across the laboratory from
the transmuitter to the ground station receiver. This was the
first over-the-air test. While the transmitter in the lab was
stationary, the test was a first validation of the ground station
fine tracking system.

This test was conducted 1n an indoor lab to compare the
measured mount angles to the commanded mount angles. A
processor generated a mount angle and slew rate profile for
a sample ISS tracking case whose maximum elevation angle
was 35 degrees. This case was used to check that the control
law above worked properly. Picking a settling time for the
error angle compensation of 0.3 seconds yielded the follow-
ing tracking results shown in FIGS. 26 and 27.

FIG. 26 shows the Azi/Alt angle profiles measured from
the mount for the ISS tracking maneuver. FIG. 27 shows the
angle errors, z ~z and t ~t , as well as the commanded slew
rates. This plot shows that the system experiences lagging
when the slew rate 1s high (>>1000 arcsec/sec), but the error
was within 10 arcsec, which 1s suflicient to capture the ISS
considering the FOV of 282 arcsecx212 arcsec in this
scenario.

CONCLUSION

While wvarious 1nventive embodiments have been
described and 1llustrated herein, those of ordinary skill 1n the
art will readily envision a variety of other means and/or
structures for performing the function and/or obtaining the
results and/or one or more of the advantages described
herein, and each of such variations and/or modifications 1s
deemed to be within the scope of the inventive embodiments
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described herein. More generally, those skilled 1n the art will
readily appreciate that all parameters, dimensions, materials,
and configurations described herein are meant to be exem-
plary and that the actual parameters, dimensions, materials,
and/or configurations will depend upon the specific appli-
cation or applications for which the inventive teachings
1s/are used. Those skilled 1n the art will recognize, or be able
to ascertain using no more than routine experimentation,
many equivalents to the specific mventive embodiments
described herein. It 1s, therefore, to be understood that the
foregoing embodiments are presented by way of example
only and that, within the scope of the appended claims and
equivalents thereto, inventive embodiments may be prac-
ticed otherwise than as specifically described and claimed.
Inventive embodiments of the present disclosure are directed
to each individual feature, system, article, material, kit,
and/or method described herein. In addition, any combina-
tion of two or more such features, systems, articles, mate-
rials, kits, and/or methods, 11 such features, systems, articles,
matenals, kits, and/or methods are not mutually 1nconsis-
tent, 1s included within the mventive scope of the present
disclosure.

The above-described embodiments can be implemented
in any of numerous ways. For example, embodiments of
designing and making the technology disclosed herein may
be implemented using hardware, software or a combination
thereof. When implemented in soiftware, the software code
can be executed on any suitable processor or collection of
processors, whether provided 1n a single computer or dis-
tributed among multiple computers.

The various methods or processes (e.g., of designing and
making the technology disclosed above) outlined herein may
be coded as software that 1s executable on one or more
processors that employ any one of a variety of operating
systems or platforms. Additionally, such software may be
written using any of a number of suitable programming
languages and/or programming or scripting tools, and also
may be compiled as executable machine language code or
intermediate code that 1s executed on a framework or virtual
machine.

In this respect, various inventive concepts may be embod-
ied as a computer readable storage medium (or multiple
computer readable storage media) (e.g., a computer memory,
one or more floppy discs, compact discs, optical discs,
magnetic tapes, flash memornes, circuit configurations in
Field Programmable Gate Arrays or other semiconductor
devices, or other non-transitory medium or tangible com-
puter storage medium) encoded with one or more programs
that, when executed on one or more computers or other
processors, perform methods that implement the various
embodiments of the invention discussed above. The com-
puter readable medium or media can be transportable, such
that the program or programs stored thereon can be loaded
onto one or more diflerent computers or other processors to
implement various aspects of the present invention as dis-
cussed above.

The terms “program™ or “software” are used herein 1 a
generic sense to refer to any type of computer code or set of
computer-executable instructions that can be employed to
program a computer or other processor to implement various
aspects ol embodiments as discussed above. Additionally, 1t
should be appreciated that according to one aspect, one or
more computer programs that when executed perform meth-
ods of the present invention need not reside on a single
computer or processor, but may be distributed 1n a modular
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fashion amongst a number of different computers or pro-
cessors to implement various aspects of the present inven-
tion.

Computer-executable mstructions may be 1n many forms,
such as program modules, executed by one or more com-
puters or other devices. Generally, program modules include
routines, programs, objects, components, data structures,
etc. that perform particular tasks or implement particular
abstract data types. Typically, the functionality of the pro-
gram modules may be combined or distributed as desired 1n
various embodiments.

Also, various inventive concepts may be embodied as one
or more methods, of which an example has been provided.
The acts performed as part of the method may be ordered 1n
any suitable way. Accordingly, embodiments may be con-
structed 1n which acts are performed in an order different
than 1llustrated, which may include performing some acts
simultaneously, even though shown as sequential acts 1n
illustrative embodiments.

All definitions, as defined and used herein, should be
understood to control over dictionary definitions, definitions
in documents incorporated by reference, and/or ordinary
meanings of the defined terms.

The indefinite articles “a” and ““‘an,” as used herein 1n the
specification and in the claims, unless clearly indicated to
the contrary, should be understood to mean “at least one.”

The phrase “and/or,” as used herein in the specification
and 1n the claims, should be understood to mean “either or
both” of the elements so conjoined, 1.¢., elements that are
conjunctively present in some cases and disjunctively pres-
ent 1n other cases. Multiple elements listed with “and/or”
should be construed 1n the same fashion, 1.e., “one or more”
of the elements so conjoined. Other elements may optionally
be present other than the elements specifically 1dentified by
the “and/or” clause, whether related or unrelated to those
clements specifically identified. Thus, as a non-limiting
example, a reference to “A and/or B”, when used 1n con-
junction with open-ended language such as “comprising’”
can refer, 1n one embodiment, to A only (optionally includ-
ing elements other than B); 1n another embodiment, to B
only (optionally including elements other than A); in vet
another embodiment, to both A and B (optionally including
other elements); etc.

As used herein 1n the specification and 1n the claims, “or”
should be understood to have the same meaning as “and/or”
as defined above. For example, when separating items 1n a
list, “or” or “and/or” shall be interpreted as being inclusive,
1.€., the inclusion of at least one, but also including more
than one, of a number or list of elements, and, optionally,
additional unlisted items. Only terms clearly indicated to the
contrary, such as “only one of” or “exactly one of,” or, when
used in the claims, “consisting of,” will refer to the inclusion
of exactly one element of a number or list of elements. In
general, the term “or” as used herein shall only be inter-
preted as indicating exclusive alternatives (1.e., “one or the
other but not both™) when preceded by terms of exclusivity,
such as “either,” “one of” “only one ol,” or “exactly one of”
“Consisting essentially of,” when used 1n the claims, shall
have 1ts ordinary meaning as used 1n the field of patent law.

As used herein 1n the specification and 1n the claims, the
phrase “at least one,” 1n reference to a list of one or more
elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of
clements, but not necessarily including at least one of each
and every eclement specifically listed within the list of
clements and not excluding any combinations of elements 1n
the list of elements. This defimition also allows that elements
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may optionally be present other than the elements specifi-
cally identified within the list of elements to which the
phrase “at least one” refers, whether related or unrelated to
those elements specifically identified. Thus, as a non-limit-
ing example, “at least one of A and B” (or, equivalently, “at
least one of A or B,” or, equivalently “at least one of A and/or
B”’) can refer, in one embodiment, to at least one, optionally
including more than one, A, with no B present (and option-
ally including elements other than B); 1in another embodi-
ment, to at least one, optionally including more than one, B,
with no A present (and optionally including elements other
than A); 1n yet another embodiment, to at least one, option-
ally mncluding more than one, A, and at least one, optionally
including more than one, B (and optionally including other
clements); efc.

In the claims, as well as 1n the specification above, all
transitional phrases such as “comprising,” “including,” “car-
ryving,” “having,” “containing,” “mnvolving,” “holding,”
“composed of,” and the like are to be understood to be
open-ended, 1.e., to mean including but not limited to. Only
the transitional phrases “consisting of” and *“consisting
essentially of” shall be closed or semi-closed transitional
phrases, respectively, as set forth 1n the United States Patent

Oflice Manual of Patent Examining Procedures, Section
2111.03.

The 1nvention claimed 1s:

1. A method of pointing a telescope mounted on a gimbal
at a satellite, the method comprising:

acquiring a plurality of star camera images with a star

camera aflixed to the telescope at respective gimbal
positions 1n a plurality of gimbal positions, each star
camera 1mage in the plurality of star camera images
being at a different gimbal position in the plurality of
gimbal positions;

determining an alignment of the gimbal to an Earth-

centered reference frame and an alignment of the star
camera to the gimbal based on the plurality of star
camera 1mages and the plurality of gimbal positions;
and

pointing the telescope at the satellite based on the align-

ment of the gimbal to the Earth-centered reference
frame, the alignment of the star camera to the gimbal,
and an alignment of the telescope to the star camera.

2. The method of claim 1, wherein acquiring the plurality
ol star camera 1images comprises rotating the telescope and
the star camera to a plurality of azimuth angles and a
plurality of altitude angles with the gimbal.

3. The method of claim 1, wherein acquiring the plurality
of star camera 1images occurs within one hour.

4. The method of claim 1, wherein determining the
alignment of the gimbal to the Earth-centered reference
frame and the alignment of the star camera to the gimbal
COmMprises:

determining an alignment of the telescope to the gimbal

based on the plurality of gimbal positions.

5. The method of claim 1, turther comprising;:

determining the alignment of the telescope to the star

camera.

6. The method of claim 5, where determining the align-
ment of the telescope to the star camera comprises:

acquiring an i1mage with an i1mage sensor in optical

communication with an eyepiece of the telescope; and
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correlating the 1mage to at least one star camera 1mage 1n
the plurality of star camera images.
7. The method of claim 1, wherein pointing the telescope
at the satellite 1s at a root-mean-square error of less than 180
arcseconds.

8. The method of claim 1, wherein the star camera has a
wider field of view than the telescope.

9. The method of claim 1, further comprising:

tracking the satellite with the telescope.

10. The method of claim 9, wherein tracking the satellite
with the telescope comprises:

estimating a change 1n azimuth angle and/or altitude angle
of the satellite based 1n part on the alignment of the
gimbal to the Farth-centered reference frame and the
alignment of the star camera to the gimbal.

11. A ground station for communicating with a satellite,

the ground station comprising:

a telescope to recerve an optical signal from the satellite;

a gimbal, supporting the telescope, to rotate the telescope
through a plurality of gimbal positions;

a star camera, attached to the telescope, to capture a
plurality of star camera 1images, each star camera 1mage
in the plurality of star camera 1image being at a different
gimbal position 1n the plurality of gimbal positions; and

a processor, operably coupled to the imager and the star
camera, to determine an alignment of the gimbal to an

Earth-centered reference frame and an alignment of the

star camera to the gimbal based on the plurality of star

camera 1images and the plurality of gimbal positions

and to command the gimbal to point the telescope at the

satellite based on the alignment of the gimbal to the

Earth-centered reference frame, the alignment of the
star camera to the gimbal, and an alignment of the
telescope to the star camera.

12. The ground station of claim 11, wherein the ground
station weighs less than about 50 kilograms.

13. The ground station of claim 11, wherein the telescope
has a lens aperture of less than about 1 meter.

14. The ground station of claim 11, wherein the gimbal 1s
a two-axis gimbal.

15. The ground station of claim 11, further comprising:

an 1mage sensor, 1n optical communication with an eye-
piece of the telescope, to acquire a plurality of tele-
scope 1mages at respective gimbal positions in the
plurality of gimbal positions, each telescope 1mage in
the plurality of telescope 1mages being at a different
gimbal position in the plurality of gimbal positions.

16. The ground station of claim 15, wherein the processor
1s configured to compensate for error in pointing the tele-
scope at the satellite based on 1mages from at least one of the
star camera or the 1mage sensor.

17. The ground station of claim 15, wherein the star
camera has a field of view wider than that of the image
SENSor.

18. The ground station of claim 11, further comprising:

a photodetector, 1n optical communication with an eye-
piece of the telescope, to sense the optical signal from
the satellite via the telescope.

19. The ground station of claim 11, further comprising:

an encoder, operably coupled to the gimbal, to measure a
change 1n angle of the gimbal about at least one axis.
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